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As the world’s population is increasing geometrically, achieving global food 
security-making safe and nutritious food accessible to everyone, and achieving so 
sustainably is a challenging task. Feeding estimated 9.2 billion people in 2050 would 
require raising overall food production by about 70% (FAO 2009). A major 
bottleneck in achieving this challenge is the competition from the insect pests. The 
problem is more severe in tropics and sub-tropics, where the climate is highly 
favourable for the dwelling of wide range of insects. Insects represent the most 
diverse and adaptable animal species on the earth, they are present in the oceans, 
swamps, jungles, deserts and other harsh environments (Imms 1964). Majority of the 
insects are beneficial or innocuous to humans and the ecosystem, while as a few (less 
than 0.5% of the total number of known insects) species are considered as pests. 
Insect pests are responsible for destroying one fifth of the world’s total crop 
production annually, leading to heavy economic losses. The major damaging insect 
pests belong to Lepidoptera (Pimental 2009) and Helicoverpa armigera is one of the 
most significant lepidopteran pests with potential to attack more than 180 species of 
plants (Smith-Pardo 2014). It is widely distributed in Asia, Europe, Africa and 
Australasia causing damages worth 2 billion US dollars annually, excluding the socio-
economic and environmental costs associated with the use of chemical insecticides 
and the introduction of GM crops (CABI, EPPO 1996, Tay et al. 2013; Warren 2013). 
H. armigera has over the years developed resistance to various chemical insecticides 
(Fitt and Wilson 2000; Yang et al. 2013) and of late, its resistance to genetically 
modified crops expressing insecticidal protein from B. thuringiensis has also been 
reported (Downes et al. 2010; Tabashnik and Gould 2012). 
In order to meet the ever-increasing demand of food, multifaceted approaches 
to suppress the population densities of different pests are required. The most common 
method to control insect pest populations is the use of chemical insecticides 
(Organochlorine compounds, organophosphates, carbamates, pyrethroids, formamides 
etc.). Two of their properties, long residual action and toxicity to a wide spectrum of 
organisms made chemical insecticides very useful against insect pests. However, 
extended use of certain chemical insecticides have caused many environmental 
problems like persistence, toxicity to non-target organisms including humans and 
development of insect resistance (Glazer and Nikaido 1995; Aktar et al. 2009; 
reviewed in Shishir et al. 2014). Moreover, the escalating public concern and stringent 
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environmental regulations have led to an increased interest in alternative eco-friendly 
pest control measures.  
One of the most promising alternatives to the man-made chemical pesticides is 
the use of natural insect pathogen, Bacillus thuringiensis (Bt). The entomopathogenic 
potential of Bt is primarily due to its ability to produce insecticidal crystalline proteins 
(Cry and Cyt) (Schnepf et al. 1998) and in certain cases due to the production of 
vegetative insecticidal proteins (Vips) (Estruch et al. 1996). The crystalline and 
vegetative insecticidal proteins are respectively produced during the sporulation and 
vegetative stages of growth. Upto December 2015, seventy four classes of Cry 
proteins (Cry1-Cry74), three classes of Cyt proteins (Cyt1-Cyt3) and four classes of 
Vip proteins (Vip1-Vip4) have been designated based on their amino acid sequence 
homology (Crickmore et al. 2015). These toxins are highly specific in action, 
harmless to humans and other vertebrates and are biodegradable. The reasons for 
increased acceptability of Bt over synthetic insecticides are due to the non-selective 
deleterious effects of chemicals (Moser and Obrycki 2009; Kristoff et al. 2010; Shah 
and Iqbal 2010; Eriksson and Wiktelius 2011; Stevens et al. 2011) and the emergence 
of resistance in insect pests against the synthetic insecticides (Ahmad et al. 2008). For 
the said reasons, continuous efforts are being made to isolate novel B. thuringiensis 
strains with distinctive host range or higher toxicity potential.  
Rationale behind the research problem  
Presently, there are more than 50,000 known strains of B. thuringiensis 
isolated from diverse environments around the world (Sadder et al. 2006; Ozturk et al. 
2008). These strains exhibit varying degree of toxicity against different pests. Despite 
the availability of such large collection of B. thuringiensis strains and their 
insecticidal genes, three events have rendered the search for novel insecticidal 
strains/genes more urgent. First, a significant number of pests are not controlled with 
the available Cry proteins. Second, at times the level of expressed toxins is not high 
enough to kill the host and third, after many years of successful use in the field, the 
first cases of resistance to B. thuringiensis have appeared (Noguera and Ibarra 2010). 
These three events have renewed interest in search for new range of activities, search 
for higher levels of toxicity and search for alternate toxins, respectively. Worldwide, 
many screening programs have been performed to establish B. thuringiensis strain 
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collections in different countries such as Antartica (Forsyth and Logan 2000), China 
(Hongyu et al. 2000) Colombia (Uribe et al. 2003), Japan (Mizuki et al. 1999), 
Mexico (Bravo et al. 1998), Philippines (Theunis et al. 1998), Spain (Bel et al. 1997; 
Iriarte et al. 2000), Taiwan (Chak et al. 1994), United Kingdom (Meadows et al. 
1992; Bernhard et al. 1997), United States (Martin and Travers 1989), and some 
Asian countries (Ben-Dov et al. 1997). Characterization of novel B. thuringiensis 
strain collections from diverse ecological niches of the world have great importance in 
analysing the distribution and diversity of toxin producing strains in nature. 
Moreover, the evaluation of their toxicity potential against various insect pests may 
help in understanding their role in the environment. Taking into account Bt 
deployment strategies, it is therefore indispensable to search for new strains with a 
varied host range spectrum to combat threat of resistance development. 
Jammu and Kashmir (32°00'-36°10' North and 73°22'-77°40' East) falls in the 
great North-Western, complex of the Himalayan ranges having complex 
geomorphology. It consists of snow-capped peaks, antecedent drainage, complex 
geological structure and rich temperate flora and fauna. Kashmir or the Jhelum Valley 
is situated between the Pir Panjal range and the Zanskar range and has an area of 
15220 sq kms. It is bounded on all sides by mountains. Average height of the valley is 
1850 metres above sea level but the surrounding mountains, which are always snow-
clad, rise from three to four thousand metres above sea level. The surface of the valley 
is plain and abounds with springs, lakes and health resorts. The variations in 
topographical features along longitude, latitude and altitude of the region create 
climatic variations resulting in unique and rich biodiversity (Ray et al. 2011), thereby 
making this North-Western Himalayan region a critical biodiversity hotspot of the 
world. These distinctive features and diversity of insects in the region provide an 
opportunity for prospecting novel B. thuringiensis strains with novel combinations of 
crystalline protein coding genes having wide insecticidal spectrum. 
The ecological distribution of this bacterium in Jammu and Kashmir region 
remains largely unexplored. The aim of this study was to isolate B. thuringiensis 
strains from Jammu and Kashmir region and to assess their geographical diversity 
with respect to the presence of insecticidal gene content and insecticidal activity. The 
strains were characterized based on the presence of protein crystals, SDS-PAGE 
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analysis, PCR analysis to identify different insecticidal gene combinations and 
toxicity screening against lepidopteran pest, H. armigera. 
In chapter I, the relevant literature is presented to have an overall view of the 
avenues and challenges of B. thuringiensis based technology. The basic biology of B. 
thuringiensis and methods used for studying the bacterium have been reviewed in 
detail. 
Chapter II contains sufficient details of the materials used and the methods 
employed during the course of the study. 
Chapter III and IV describe characterization, diversity and insecticidal activity 
of different native B. thuringiensis isolates that were obtained during the study. The 
insecticidal gene content; crystalline proteins and vegetative insecticidal proteins of 
the isolates are described in chapters III and IV, respectively. 
Chapter V describes cloning and characterization of a novel Vip3A protein 
(Vip3Aa61) obtained from one of the promising isolates. 
Chapter V1 contains the comparative genome analysis studies of two B. 
thuringiensis strains, JK37 and HD1. 
The bibliography and summary are documented at the end. 
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The concept of exploiting microorganisms for the control of insect pests is 
prehistoric, as evidenced by mention in the writings of ancient Egyptian and Chinese 
scholars (Bulla et al. 1975; Candas and Bulla 2002). One of the stories narrates the 
practice by gardeners of several Egyptian rulers of maintaining bacterial collections 
for use against insects that attacked their gardens. Indeed, Aristotle (Aristotle 1910) in 
his writings described insect diseases such as foulbrood of the honey bee (Apis 
millifera). Louis Pasteur studied silkworm diseases and differentiated pebrine and 
flacherie diseases of the silkworm (Bombyx mori). Kirby (Kirby and Spence 1826) 
and Bassi (Bassi 1925) also contributed to the science of insect pathology, and they, 
along with Pasteur are considered founders of infectious disease and pathogenic 
microbiology. 
History 
Bacillus thuringiensis, an entomopathogenic bacterium was first isolated by 
Japanese scientist Shigetane Ishiwata, in 1901, from silkworm larvae (Bombyx mori) 
during his study on bacterial disease of silk worms. This bacterium was responsible 
for the loss of large numbers of silkworms in Japan and the surrounding region.  He 
named this bacterium as Bacillus sotto causing “sotto disease” (sudden collapse 
disease) (Aoki and Chegasaki 1915). A decade later, in 1911 a German scientist Ernst 
Berliner gave the first scientific description of the similar Bacillus species after 
isolating it from dead Mediterranean flour moths (Ephestia kuehniella) in a flour mill 
in “thuringia” and published a description of the bacterium and its properties, naming 
it Bacillus thuringiensis. Berliner also observed the presence of certain inclusion 
bodies “Restkoerper” alongside the endospore, the same inclusion bodies were 
observed by Mattes in 1927, but it took 25 more years to prove that these highly 
refractile bodies were responsible for the insecticidal activity of B. thuringiensis 
(Angus 1953). These inclusion bodies were named as “parasporal crystals,” by 
Christopher Hannay in 1953. Thomas Angus together with Philip Fitz-James and 
Hannay in 1955 discovered that the toxic parasporal crystals are composed of protein 
(Hannay and Fitz-james 1955). The first B. thuringiensis based commercial 
biopesticide “sporeine” was available against flour moth way back in 1938 in France. 
In USA, the manufacture of commercial Bt basesd bioinsecticides started in the year 
1958 and by 1961 the US Environmental Protection Agency started registering Bt 
based bioinsecticides. The genes encoding crystalline proteins were first revealed in 
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1980’s (Gonzalez et al. 1981). He also used plasmid curing technique to prove that 
these genes were localized on plasmids that are transmissible. 
Until 1976, the use of B. thuringiensis was limited to the control of 
lepidopteran insect pests (butterflies and moths), with B. thuringiensis subsp. kurstaki 
forming the basis of all formulations. The discovery of B. thuringiensis subsp. 
israelensis by Margalit and Tahori in 1976 in Israel, extended the control of insect 
pests using Bt based formulations to dipteran insect pests (mosquitoes and blackflies) 
(Margalit and Dean 1985). The spectrum of action of B. thuringiensis was further 
widened due to the discovery of B. thuringiensis subsp. tenebrionis in 1983, which is 
effective against the larvae of coleopteran insects (Krieg et al. 1983). The discovery 
of new strains has led to further broadening of host spectrum of B. thuringiensis with 
strains being effective against two or more insect pest groups, for example, B. 
thuringiensis subsp. aizawai being active against both Lepidoptera and Diptera orders 
(Glazer and Nikaido 1995). Schnepf and Whiteley were the first to clone and 
characterize crystalline protein genes coding for protein toxic to larvae of tobacco 
hornworm from plasmids DNA of Bt subsp. kurstaki HD-1 (Schnepf and Whiteley 
1981). The cloning of other cry and cyt genes continued thereafter and ultimately the 
insecticidal genes were transformed into plants to get insect resistant transgenic Bt-
crops in the year 1996. The area under cultivation of Bt crops is expanding rapidly 
thus leading to decreased reliance on chemical insecticides. More than 50% of the 
cotton and 40% of the corn planted in the US contain Bt insecticidal toxins (Qaim and 
Zilberman 2003; Kleter 2007). This percentage is likely to increase in years to come 
both in the developed and developing countries due to the enormous increase in 
global food demand. During the last 19 years since the commercialization of 
genetically modified crops begun in 1996, the global area of biotech crops continued 
to increase at a sustained growth rate of 3 to 4% or 6.3 million hectares, reaching 
181.5 million hectares in the year 2014 (James 2014). Thus, biotech crops are proving 
to be the fastest adopted crop technology in the history of modern agriculture. A 
timeline highlighting important events in the development of B. thuringiensis as an 
insecticide is given in Table 1. 
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 Table 1. Timeline of important events in the development of B. thuringiensis as an 
insecticide 
S. No Year Achievements 
1 1901 Shigetane Ishiwata, a Japanese scientist discovered that, a silkworm disease 
“sotto” was caused by a previously undiscovered bacterium and named the 
bacterium as Bacillus sotto 
2 1911 Ernst Berliner, a German scientist re-isolated the same bacterium from dead 
Mediterranean flour moths in “Thuringia” and named the bacterium as 
Bacillus thuringiensis (Bt) 
3 1938 “Sporeine” the first Bt based commercial product was marketed in France 
4 1954 Thomas Angus proved that refractile bodies produced by Bt are responsible 
for its  insecticidal activity 
5 1955 Thomas Angus together with Philip Fitz-James and Hannay discovered that 
the toxic parasporal crystals are composed of protein 
6 1961 The US Environmental Protection Agency started registering Bt based 
bioinsecticides 
7 1976 B. thuringiensis var israeliensis was isolated in 1976 in Israel, and was 
shown to be effective against dipteran larvae 
8 1980 The genes coding for the crystalline proteins were first revealed by Gonzalez 
and his co-workers 
9 1981 Schnepf and Whiteley were the first to clone and characterize crystalline 
protein genes coding for protein toxic to larvae of tobacco hornworm from 
plasmids DNA of Bt subsp. kurstaki HD-1 
10 1986 The first field trials with Bt transgenic tobacco were conducted in the United 
States and France 
11 1991 PCR technique was introduced by Carozzi and his co-workers to 
identify the cry genes in B. thuringiensis strains to predict their 
insecticidal activity 
12 1991 The first three-dimensional structure of an activated δ-endotoxin, the 
Cry3Aa toxin, was determined by Li and co-workers 
13 1995 The US Environmental Protection Agency (EPA) approved the first 
registration of Bt potato, corn and cotton crops 
14 1998 The EPA approved an insect resistant tomato line (event 5345) expressing 
Cry1Ac 
15 2002 A landmark was achieved with the approval of Monsanto’s Bollgard II cotton 
(event 15985), which expressed two Bt toxins, Cry1Ac and Cry2Ab, and later 
YieldGard Rootworm (event MON 863), expressing a synthetic variant of the 
cry3Bb1 gene from Bt subsp. kumamotoensis, providing resistance against 
the western corn rootworm (Diabrotica virgifera virgifera) 
16 2010 The commercial environment for stacked and pyramiding traits in Bt crops 
was given a boost with the approval of SmartStax corn, co-developed by 
Monsanto and Dow AgroSciences. Approvals were granted in the United 
States, Canada, Japan, Mexico, The Philippines, Taiwan and South Korea 
(Modified from Eugene et al. 2002) 
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General Characteristics 
Bacillus thuringiensis belongs to the Bacillus cereus group of Bacilli, other 
members of this group include B. cereus (Bc), Bacillus anthracis (Ba), Bacillus 
mycoides (Bm), Bacillus pseudomycoides (Bpm), Bacillus weihenstephanensi (Bw) 
(Rasko et al. 2005). Members of this group are rod shaped, Gram positive, 
sporogenous, facultative anaerobic and are capable of using a wide range of 
carbohydrates as preferred energy source. The vegetative cells are 1-1.2 µm wide, 3-5 
µm long and have short hair like flagella (Boucias and Pendland 1998). B. 
thuringiensis forms rough off white colonies on agar medium which spread out and 
can expand over the plate. The spores are ellipsoidal, swollen and lie in the sub-
terminal position in the cell. B. anthracis, B. cereus and B. thuringiensis share the 
maximum level of genetic relatedness suggesting that they are the members of the 
same species, B. cereus sensu latu (Schnepf et al. 1998; Helgason et al. 2000; Chen 
and Tsen 2002). Conventionally, these organisms have been differentiated based on 
their pathogenic potential. B. cereus is a causative agent of food poisoning and an 
opportunistic human pathogen, B. anthracis is a mammalian pathogen causing anthrax 
and B. thuringiensis is an entomopathogen. B. thuringiensis differs from its group 
members (particularly B. cereus, with which it shares the maximum characteristics) in 
its ability to produce protein crystals during sporulation (Hofte and Whiteley 1989; 
Read et al. 2003; Rasko et al. 2005). The protein crystals can be easily observed under 
phase contrast microscope (Fig. 1). B. thuringiensis strains differ from each other with 
respect to the shape and number of crystal inclusions they harbour, and the crystals 
are either bipyramidal crystals related to Cry1 proteins; cuboidal crystals, related to 
Cry2 proteins; amorphous and composite inclusions, associated with Cry4 and Cyt 
proteins; flat-square crystals, typical of Cry3 proteins; or bar-shaped inclusions, 
related to Cry4D proteins (Lopez-Meza and Ibarra 1996; Schnepf et al. 1998). These 
parasporal crystals (Cry and Cyt proteins) are synthesized by plasmid encoded (cry 
and cyt) genes and exhibit insecticidal activity against different insect groups 
(Gonzales and Carlton 1980), which include orders coleoptera (beetles and weevils) 
(Lopez-Pazos et al. 2010; Sharma et al. 2010), diptera (flies and mosquitoes) (Perez et 
al. 2007; Roh et al. 2010), hymenoptera (bees and wasps) (Garcia-Robles et al. 2001; 
Sharma et al. 2008) and lepidoptera (butterflies and moths) (Baig et al. 2010; Darsi et 
al. 2010) and non-insect species such as nematodes (Cappello et al. 2006; Hu et al. 
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2010). However, plasmid encoded genes of B. thuringiensis could be transferred to 
other related species by conjugation and could express and produce crystal proteins 
(Hu et al. 2004). Moreover, B. thuringiensis has been observed to produce enterotoxin 
similar to the one produced by B. cereus, suggesting the conjugative transfer of 
enterotoxin producing genes from B. cereus to B. thuringiensis (Carlson and Kolsto 
1993). 
 
Fig. 1. Phase contrast microscopic examination of sporulated B. thuringiensis culture 
showing presence of crystal protein and spore. 
Ecology of the bacterium 
The ecology and lifestyle of Bt have been subjects of debate for long, with 
some defending that it is a soil-residing bacterium that acquires nutrition from 
decaying organic matter or root exudates, and reaches the aerial parts of plants after 
germination. While, the opposite view is that Bt is a specialized pathogen that 
colonizes the host, kills it, multiplies in the cadaver and is then deposited in soil and 
on plant surfaces. Many authors categorise Bt as soil bacterium due to the fact that 
over the years it has been extensively isolated from this environment (Martin and 
Travers 1989; Smith and Couche 1991). On the other hand, some consider soil only as 
a storage environment for Bt spores, as they only germinate in presence of specific 
nutrients and pH conditions (Saleh et al. 1970; West et al. 1985; Akiba 1986). 
Moreover, the indigenous microbiota and soil properties like pH, humidity, mineral 
and organic matter levels do influence Bt’s survival in soil, these conditions may have 
affect the germination, growth, sporulation, and production of proteins positively or 
negatively (Polanczyk et al. 2009). Comparatively, these conditions have far less 
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effect on the survival of B. cereus (a close relative of Bt), which has shown the ability 
to multiply in non-sterilized soils, increasing its population up to 20% (West et al. 
1985). Bt has been recognised as a natural soil dwelling bacterium from different 
regions of the world. Even the habitats with no history of application of Bt products 
have shown great diversity of Bt serotypes with variable levels of toxicity. Moreover, 
persistence of Bt in various habitats for many years after its application have also 
been reported (Martin and Travers 1989; Ohba et al. 2002; Guidi et al. 2011; 
Konecka et al. 2012), though there are reports of reduction in number of spores over a 
period of time indicating that Bt hardly multiplies in those environment (Petras and 
Casida 1985). On the other hand, the presence of insects does not guarantee the 
presence of Bt in the soil (Martin and Travers 1989), it may or may not be found in 
soils with high insect activity. The lifestyle of this versatile bacterium is also 
debatable with researches who argue that Bt is a soil bacterium believing in its 
saprophytic lifestyle and those focussing on the colonization of insect cadavers 
showing that Bt is necrotrophic. Dubois et al. (2012) favoured the view that 
necrotrophic stage is part of a complex life cycle of Bt that involves the activation and 
regulation of several genes that alter its metabolism after the host death. These 
changes are necessary for the establishment of pathogenesis in the host cadaver, and 
involve the production of enzymes such as proteases, lipases, esterases and chitinases 
that allow usage of host content and also rupture of cuticle for the release of toxins 
and spores.  
Bt has also been isolated from the phylloplane (Smith and Couche 1991; 
Bizzarri and Bishop 2008; Maduell et al. 2008; Prabhakar and Bishop 2009), it 
reaches there by rain splash from the soil (Pedersen et al. 1995), by being carried by 
germinating seed (Prabhakar and Bishop 2009), through insect or bird feces (Bizzarri 
and Bishop 2008; Zhang et al. 2012) and through dead insect (Bizzarri and Bishop 
2008). However, there are reports demonstrating Bt as a poor leaves colonizer, being 
predominantly found as spores in such habitats. Even though leaf exudates serve as 
nutrient sources, they can have negative effects on Bt survival, for example, presence 
of organic acids decreases leaf surface pH and therefore increase mortality rates in 
this environments (Devi et al. 2013). Since Bt exhibits better survival in soil than in 
leaves, the later have been proposed to act as ancillary reservoirs aiding in recycling 
process of the bacterium by returning cells and spores to the soil through rain, falling 
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leaves, feces from insects and birds (Pedersen et al. 1995; Hendriksen and Hansen 
2002; Maduell et al. 2008). 
Bt have also been isolated from rhizosphere, Rabinovitch et al. (1999) isolated 
a Bt strain from the rhizosphere of a Ficus doliaria tree highly toxic against the 
Blackfly larvae (Simuliidae), a vector of human diseases, that is not commonly found 
in the area nor had the area where the tree was found received any application of Bt 
based products. Hendricksen and Hansen (2002) compared the Bt population in 
rhizosphere to that of phylloplane of the same plant and found 260 times higher 
population in the rhizosphere than phylloplane. The reason for this effective 
colonization may be the higher nutritional status of the root surfaces due to secretion 
of root exudates (Bisht et al. 2013). 
Bt has also been isolated from aquatic environments (Maeda et al. 2000; Baig 
and Mehnaz 2010), Ichimatsu et al. (2000) isolated a great variety of Bt serovars from 
water samples in Japan. Menon and Mestral (1985) studied the survival of Bt in water 
and demonstrated that it remained viable for 40 days in sea water and over 70 days in 
lake water. Longer survival in the latter case may be due to the availability of more 
nutrients in the lake water as compared to the sea water. Bt has also been isolated 
from sewage treatment stations (Ichimatsu et al. 2000). All these studies proved that 
Bt is ubiquitous in aquatic environments. Since most of the serovars isolated from 
waterbodies were also isolated from soil and phylloplane, it is quite possible that they 
reach such aquatic environments through rain, percolation, flooding, wind and animal 
excrements (Argolo-Filho and Loguercio 2014). 
Additionally, this bacterium has also been isolated from “paratenic hosts” i-e 
the hosts that are colonized by microorganisms but are not damaged by it nor is the 
host indispensable to the microbe’s life (Zhang et al. 2012). In fact, according to Bt’s 
capability to survive and colonize various niches it is reasonable to classify it as a 
“copiotrophic” microorganism, i-e an organism that tends to be found in environments 
which are rich in nutrients, particularly carbon. Fig. 2 gives the simplified view of 
complex lifestyle of this versatile bacterium in different environmental niches. 
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(Source: Argolo-Filho and Loguercio 2014) 
Fig. 2. Lifestyle of B. thuringiensis in different environmental niches. The soil (1) 
rhizosphere (2) worms, insects and nematodes (3) rhizosphere colonization favors 
endophytic colonization (4) Bt to proliferate in plant tissues and infecting herbivores 
in paratenic (5) or pathogenic ways (6) phylloplane due to the germination process, by 
splashes of rain water, and through the feces of animals that carry it, such as insects 
and birds (7). The infected fallen leaves can re-introduce Bt in soil and water (8). The 
rain may also carry the Bt to water bodies from soil and plants (9). In water the Bt can 
infect and proliferate in vertebrates or invertebrates and persist in this environment by 
associating with substrates as aquatic plants and sediments (10). Faeces from animals 
that feed on contaminated plants or insects can serve as a source of nutrients for Bt 
growth, and they can act as a source of infection for coprophagous (11). Ticks and 
mites are also Bt hosts (12). 
Genome 
B. thuringiensis strain CT-43 was the first Bt strain to be sequenced, the full 
genome obtained was 6.15 Mb in size containing at least six kinds of toxin proteins 
(He et al. 2011). Till now, whole genome of 15 B. thuringiensis strains have been 
completely sequenced, the assembling of chromosome of 15 B. thuringensis have 
been completed and splicing analysis is ongoing for 11 B. thuringensis strains. 
(http://www.ncbi.nlm.nih.gov/genome/genomes/486?). The guanine-cytosine (GC) 
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content of Bt genomes range between 34.5% and 35.6% (Han et al. 2006; 
Challacombe et al. 2007; He et al. 2010). The genome size of B. thuringiensis strains 
ranges between 2.4 to 5.7 Mb (Carlson et al. 1994). Most of the B. thuringiensis 
strains harbour one or more (1 to > 12) extrachromosomal DNA molecules ranging in 
size from 2 to 600 kb (frequently > 80kb) (Kolsto et al. 2009; He et al. 2011). The 
insecticidal proteins of B. thuringiensis are generally encoded by large plasmids but 
the presence of cry genes have also been reported in the bacterial genome (Carlson et 
al. 1994). Additionally, B. thuringiensis also contains a range of transposable 
elements which help in the amplification of the cry genes in the bacterial cell (Carlson 
et al. 1994; Rasko et al. 2005; Verheust et al. 2005; Sozhamannan et al. 2006; Lapidus 
et al. 2008). The transposable elements are also believed to mediate the transfer of 
plasmids between self-conjugative plasmids and chromosomal DNA or non-
conjugative plasmids by formation of co-integrate structures. Moreover, these 
elements mediate the horizontal gene transfer within B. cereus and B. thuringiensis 
species (Schnepf et al. 1998). 
Classification and taxonomy 
Kingdom: Eubacteria  
Domain: Bacteria  
Phylum: Firmicutes  
Class: Bacilli  
Order: Bacillales  
Family: Bacillaceae  
Genus: Bacillus  
Species: thuringiensis (Berliner 1915)  
Traditional and advanced approaches including cellular, cultural, biochemical, 
and genetic characteristics (Baumann et al. 1984; Claus and Berkeley 1986; Slepecky 
and Hemphill 1992; Carlson and Kolsto 1993; Hansen et al. 1998), have been used to 
classify most of the microorganisms and the same have been applied for the 
classification and identification of members of B. cereus group including B. 
thuringiensis. Members of the B. cereus group, despite their functional diversity share 
high genetic homogeneity, with over 97% 16S rRNA sequence similarity among B. 
anthracis, B. cereus, B. weihenstephanensis, B. thuringiensis, B. mycoides, B. 
pseudomycoides, B. cytotoxicus, B. gaemokensis and B. manliponensis (Guinebretiere 
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et al. 2013). Many methods have been applied to identify and classify these closely 
related Bacilli, including phenotypic characteristics, biochemical tests, fatty acid 
methyl ester (FAME) profiling (Slabbinck et al. 2008), 16S rRNA gene sequencing 
(Woese 1987; Vandamme et al. 1996), DNA fingerprinting (Miteva et al. 1991), 
randomly amplified polymorphic DNA (RAPD) (Kwon et al. 2009), restriction 
fragment length polymorphism (RFLP) (Jensen et al. 2005), amplified fragment 
length polymorphism PCR (AFLP) (Hill et al. 2004) and multilocus enzyme 
electrophoresis (MLEE) typing. Recently, housekeeping genes, such as rpoB (RNA 
polymerase β subunit), gyrB (gyrase B subunit), 23S rRNA, gyrA and pycA, have 
been used for the phylogenetic analyses of Bacillus genus (Helgason et al. 2000; 
Tourasse et al. 2011) and these genes can effectively differentiate the strains of the B. 
cereus group and the B. subtilis group (La Duc et al. 2004; Qi et al. 2001; Helgason et 
al. 2004; Wang et al. 2007). All the above mentioned methods have shown limited 
success, as none of them can reliably differentiate between B. cereus and B. 
thuringiensis. 
The rapid increase in the number of Bt isolates demanded a robust 
classification system. A system based on the Bt flagellar or H antigen, combined with 
biochemical characteristics was developed, which grouped the Bt strains into 
serotypes or subspecies (de Barjac and Bonnefoi 1962; de Barjac and Bonnefoi 1968). 
This system was widely used and has since been updated (Lecadet et al. 1999). By 
1999, there were 69 different H serotypes and 82 serovars (Table 2). However, 
serotypic and specific biochemical characteristics have been found to be inconsistent 
(Hansen et al. 1998; Helgason et al. 1998) as it does not take into account the 
insecticidal host range of the individual isolates, i-e, there is no correlation between 
the serotype and the insecticidal activity. The insecticidal spectrum of Bt is 
determined by the types of δ-endotoxins present in the crystalline inclusions, hence, 
Bt strains exhibiting a similar spectrum of insecticidal activity can belong to different 
serotypes and vice versa. 
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Table 2. Classification of B. thuringiensis strains according to the H serotype 
(based on Lecadet et al. 1999) 
H 
antigen 
Serovar Abbr. BGSC Code H 
antigen 
Serovar Abbr. BGSC 
Code 
1 thuringiensis THU 4A1-4A9 28a,28c jegathesan JEG 4CF1 
2 finitimus FIN 4B1-4B2 29 amagiensis AMA 4AE1 
3a,3b,3c kurstaki KUR 4D1-4D21 31  toguchini TOG 4AD1 
3a,3c alesti ALE 4C1-4C3 32 cameroun CAM 4AF1 
3a,3d  sumiyoshiensis SUM 4AO1 33 leesis LEE 4AK1 
3a,3d,3e fukuokaensis FUK 4AP1 34 konkukian KON 4AH1 
4a,4b sotto/dendrolimus SOT 4E1-4E4 35 seoulensis SEO 4AQ1 
4a,4c  kenyae KEN 4F1-4F4 36 malayensis MAL 4AV1 
5a,5b  galleriae GAL 4G1-4G6 37 andalousiensis AND 4AW1 
5a,5c  canadensis CAN 4H1-4H2 38 oswaldocruzi OSW 4AS1 
6  entomocidus ENT 4I1-4I5 39 brasilensis BRA 4AY1 
7  aizawai/pacificus AIZ 4J1-4J5 40 huazhongensis HUA 4BD1 
8a,8b morrisoni MOR 4K1-4K3 41 sooncheon SOO 4BB1 
8a,8c ostriniae OST 4Z1 42 jinghongiensis JIN 4AR1 
8b,8d  nigeriensis NIG 4AZ1 43 guiyangiensis GUI 4BC1 
9  tolworthi TOL 4L1-4L3 44 higo HIG 4AU1 
10a,10b  darmstadiensis DAR 4M1-4M3 45 roskildiensis ROS 4BG1 
10a,10c londrina LON 4BF1 46  chanpaisis CHA 4BH1 
11a,11b toumanoffi TOU 4N1 47 wratislaviensis WRA 4BJ1 
11a,11c kyushuensis KYU 4U1 48 balearica BAL 4BK1 
12  thompsoni THO 4O1 49  muju MUJ 4BL1 
13  pakistani PAK 4P1 50 navarrensis NAV 4BM1 
14  israelensis ISR 4Q1-4Q8 51  xiaguangiensis XIA 4BN1 
15  dakota DAK 4R1 52 kim KIM 4BP1 
16  indiana IND 4S2-4S3 53  asturiensis AST 4BQ1 
17  tohokuensis THO 4V1 54 poloniensis POL 4BR1 
18a,18b  kumamtoensis KUM 4W1 55 palmanyolensis PAL 4BS1 
18a,18c yosoo YOS 4CA1 56 rongseni RON 4BT1 
19  tochigiensis TOC 4Y1 57 pirenaica PIR 4BU1 
20a,20b  yunnanensis YUN 4AM1 58 argentinensis ARG 4BV1 
20a,20c  pondicheriensis PON 4BA1 59 iberica IBE 4BW1 
21  colmeri COL 4X1 60  pingluonsis PIN 4BX1 
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22  shanongiensis SHA 4AN1 61 sylvestriensis SYL 4BY1 
23  japonensis JAP 4AT1 62 zhaodongensis ZHA 4BZ1 
24a,24b  neoleonensis NEO 4BE1 64  azorensis AZO 4CB1 
24a,24c  novosibirsk NOV 4AX1 65 pulsiensis PUL 4CC1 
25  coreanensis COR 4AL1 66 graciosensis GRA 4CD1 
26  silo SIL 4AG1 67  vazensis VAZ 4CE1 
27  mexicanensis MEX 4AC1 none wuhanensis WUH 4T1 
28a,28b monterrey MON 4AJ1     
 
The insecticidal armory of Bacillus thuringiensis 
In addition to the Cry proteins, Bt crystal also contains cytolysins (Cyt toxins), 
which act by a different mechanism. Bt produces various virulence factors other than 
the crystal proteins, including secreted insecticidal protein toxins, α-exotoxins, β-
exotoxins, hemolysins, enterotoxins, chitinases and phospholipases (Hansen and 
Salamitou 2000). Moreover, the spore also contributes to pathogenicity, often 
complementing the insecticidal activity of the crystal proteins (Johnson et al. 1998). 
All of these factors might have some role to play in order to establish pathogenesis by 
the natural bacterium, but the exact contribution of each factor is often unknown. 
The crystalline proteins 
The insecticidal activity of B. thuringiensis is primarily due to its ability to 
synthesize, during sporulation, crystalline proteins also known as “δ-endotoxins”. 
These proteins are of two types Cry and Cyt, both are different from each other in 
terms of amino acid sequence homology (Hofte and Whiteley 1989; Lereclus et al. 
1993; Butko 2003). These proteins are highly specific to their target insects and are 
innocuous to humans and other vertebrates, and are also biodegradable.  
The genes coding for δ-endotoxins are predominantly present on 
extrachromosomal DNA or plasmids (Gonzalez et al. 1981; Lereclus et al. 1982; 
Carlson et al. 1996) but have also been reported to be present on chromosomal DNA 
(Klier et al. 1982; Sanchis et al. 1988; Yokoyama et al. 2004). The plasmids harboring 
δ-endotoxin encoding genes vary in number and size (from < 1.5 MDa to > 130 MDa) 
among different Bt strains (Gonzalez et al. 1981; Baum and Malvar 1995). Each large 
plasmid (> 30 MDa) harbors one or more cry genes, and the number varies from strain 
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to strain: for example Bt kurstaki HD-1 and Bt israelensis harbor five separate δ-
endotoxins coding genes. Many plasmids harboring cry genes appear to be 
conjugative in nature and plasmid transfer between strains through a conjugation-like 
process has been demonstrated in vitro (Gonzalez et al. 1981). Such transfers between 
strains have also been observed in river water and within insects (Thomas et al. 2001). 
The exchange of genetic material between B. thuringiensis and B. cereus which 
occurs frequently in their natural environment has been reported (Helgason et al. 
1998). Such transfers in nature may give rise to new subspecies with different plasmid 
content. 
The first cloning of a cry gene was performed in 1981, by Schnepf and 
Whiteley. The gene was obtained from a 150 MDa plasmid from the strain HD-1-
Dipel of Bt subsp. kurstaki. A recombinant protein of 135 kDa was synthesized in 
Escherichia coli, the protein reacted with antibodies raised against Bt crystals and was 
toxic to tobacco hornworm larvae (Schnepf and Whiteley 1981). Following this, 
genes from strain HD-1 and Berliner 1715, were cloned by other researchers (Held et 
al. 1982; Klier et al. 1982). The first cry gene sequences were published in 1985 
(Adang et al. 1985; McLinden et al. 1985; Schnepf et al. 1985). The number of δ-
endotoxin genes cloned and sequenced by researchers worldwide has increased 
dramatically over the years, the details are available at 
http://www.lifesci.sussex.ac.uk/Home/Neil Crickmore/Bt/. 
Classification of δ-endotoxins 
The Cry toxins are organized in three main groups that are not related 
phylogenetically (the three domain, the mosquitocidal-like and the binary-like Cry 
toxins) and it is proposed that each of these groups of Cry toxins may have a different 
mechanism of action (de Maagd et al. 2003). The mosquitocidal-like Cry toxins (Mtx-
like) and the binary-like Cry toxins (Bin-like) have some similarity with the Mtx or 
Bin toxins produced by B. sphaericus, although in the case of B. sphaericus these 
proteins are toxic against mosquitoes and in Bt they are toxic against coleopteran 
larvae (de Maagd et al. 2003). The three domain Cry toxins were initially classified 
into four major groups primarily based on the host insects they attack (Hofte and 
Whiteley 1989). Group I toxins (Cry1, Cry9 and Cry15) are toxic to lepidopterans; 
Group II (Cry2) is toxic to lepidopterans and dipterans; Group III (Cry3, Cry7 and 
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Cry8) are toxic to coleopterans; Group IV (Cry4, Cry10, Cry11, Cry16, Cry17, Cry19 
and Cry20) are toxic to dipterans; Group V (Cry1I) is toxic to lepidopteran and 
coleopteran. An additional groups, Group VI (Cry6) was added for nematode active 
toxins (Feitelson et al. 1992) (Table 3).  
Table 3. Insecticidal spectrum of different Cry proteins groups against different target 
insects and nematodes 
Cry protein Toxicity against 
CryIA(a), CryIA(b), CryIA(c), CryIB, CryIC, CryID, CryIE, 
CryIF, CryIG, Cry9, Cry15 
Lepidoptera 
Cry2A, Cry2B, Cry2C Lepidoptera and Diptera 
Cry3A, Cry3B, Cry3C(b), Cry7, Cry8, Cry14,  Cry18, Cry26, 
Cry28, Cry34, Cry35, Cry36,Cry38 
Coleoptera 
CryIB, Cry11, Cry8 Lepidoptera and Coleoptera 
Cry5, Cry6, Cry12, Cry13, Cry21 Nematodes 
Cry2, Cry14, Cry10, Cry11, Cry16, Cry17, Cry19, Cry20, 
Cry24, Cry25, Cry27, Cry29, Cry30, Cry39, Cry40 
Diptera 
Cry22 Hymenoptera 
(Source: de-Maagd et al. 2001) 
However, as the number of crystalline toxins increased due to the various 
screening programmes worldwide, it became difficult to accommodate new toxins 
into the existing groups. For example, Cry1-type proteins were designated as 
lepidopteran specific, while as Cry1Ab and Cry1C both exhibit dual activity against 
both lepidopteran and dipteran larvae (Haider and Ellar 1987; Smith et al. 1996). 
Cry1B is toxic to orders Lepidoptera, Diptera and Coleoptera (Zhong et al. 2000). 
Therefore, another nomenclature format based on amino acid sequence homology was 
proposed by Crickmore et al. (1998). Compared to previous (host range based) 
classification method of Hofte and Whiteley, in the Crickmore’s (amino acid 
sequence homology based) method, the roman numerals have been replaced by 
Arabic numerals in the primary rank (e.g., Cry2 instead of CryII) to better 
accommodate the large number of expected new Cry proteins but nomenclature for 
“Cyt” has been retained to designate crystal proteins showing cytolytic activity under 
in vitro conditions. The nomenclature assigns holotype sequences a unique name 
which incorporates ranks based on the degree of (amino acid) divergence, with the 
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boundaries between the primary (Arabic numeral), secondary (uppercase letter), and 
tertiary (lower case letter) rank representing approximately 95%, 78% and 45% 
identities respectively. A fourth rank (another Arabic number) is used to indicate 
independent isolations of holotype toxin genes with sequences that are identical or 
differ only slightly (Fig. 3). Currently, the nomenclature distinguishes more than 700 
cry gene sequences that are grouped in 74 cry (Cry1-Cry74) and 3 cyt families (Cyt1-
Cyt3) (Crickmore et al. 2015).  
 
Fig. 3. Schematic representation of the nomenclature used for Cry, Cyt and Vip 
toxins. In the examples, numbers/ letters indicate different Cry protein changing ranks 
depending upon the percentage amino acid similarity. 
δ-endotoxin gene expression 
A common characteristic of cry genes is that they are expressed during the 
stationary phase of growth. Cry proteins, the end-products of cry gene expression, 
constitute 20-30% of the cell dry weight and generally accumulate in the mother cell, 
beginning in stage III of sporulation and continuing through stage VII. This huge 
production of proteins utilizes a large proportion of the cell’s energy resources 
(Lereclus et al. 1993; Agaisse and Lereclus 1995; Baum and Malavar 1995). The 
production of δ-endotoxins leads to higher requirement of energy which in turn 
facilitates the access of Bt to the nutrient rich hemolymph in their insect hosts. Fig. 4 
shows a Bt cell during sporulation. 
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    (Source: de Maagd et al. 2001) 
 
Fig. 4. Transmission electron micrograph (TEM) of a sporulating B. thuringiensis cell. B 
in the figure refers to protein body which refers to the δ-endotoxins produced by B. 
thuringiensis while as SP refers to the spore. 
Various mechanisms have been proposed for the regulation of δ-endotoxin 
gene expression. These mechanisms take place at transcriptional, posttranscriptional, 
and posttranslational levels. Most of the δ-endotoxin genes are expressed during 
sporulation phase of growth and are regulated and dependent on it (Ward et al. 1986; 
Lereclus et al. 1993; Agaisse and Lereclus 1995), however, a few cry genes like 
cry3A from Bt subsp. tenebrionsis are sporulation independent and are expressed both 
during vegetative growth as well as stationary phase (Sekar 1988; Agaisse and 
Lereclus 1994, 1995). 
Bt strains differ with respect to the number and type of crystals they produce, 
each crystal may comprise of one or more δ-endotoxins (Hofte and Whiteley 1989; 
Lereclus et al. 1993; Aronson and Shai 2001; de Maagd et al. 2003). The shape of the 
crystals depends upon the toxic proteins produced. For, example Bt subsp. kurstaki 
strain HD-1 contains 5 cry genes: cry1Aa, cry1Ab, cry1Ac, cry2A and cry2Ab. 
Cry1Aa, Cry1Ab and Cry1Ac proteins contribute to the formation of the bipyramidal-
shaped crystal, while as the Cry2A protein forms cuboidal shaped crystal (Baum and 
Malvar 1995). B. thuringiensis subsp. israelensis strain HD-789 contains 7 Cry toxin 
genes, 3 Cyt toxin genes, and 1 hemagglutinin gene (Norman et al. 2013). The 
genome sequence of the B. thuringiensis subsp. thuringiensis strain IS5056 contains 9 
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Cry toxin genes (Emilia et al. 2013). Presence of more than one δ-endotoxins have 
been shown to be advantageous by exhibiting synergistic effects (Lee et al. 1996; 
Sayyed et al. 2001; Park et al. 2005). For example, in case of Bt subsp. israelensis, 
crystals comprise of Cry4Aa, Cry4Ba, Cry10Aa, Cry11Aa, Cyt1Aa and Cyt2Ba, and 
synergism between Cyt1Aa and Cry toxins has been observed (Wu et al. 1994; 
Crickmore et al. 1995; Perez et al. 2005). Different types of crystalline proteins 
produced by Bt and their corresponding molecular masses are given in Table 4. 
Table 4. Molecular mass of different classes of crystal proteins produced by B. 
thuringiensis 
Crystal protein group Molecular mass (KDa) 
Cry1 130-138 
Cry2 69-71 
Cry3 73-74 
Cry4 72-134 
Cry5- Cry10 35-129 
(Source: Hofte and Whiteley 1989) 
Structure and function of δ-endotoxin  
All Cry proteins contain three structural domains, and despite their sequence 
diversity, they share a high degree of topological similarity. The three dimensional 
structures of many Cry proteins including Cry1Aa (Grochulski et al. 1995), Cry1Ac 
(Derbyshire et al. 2001), Cry2Aa (Morse et al. 2001), Cry3Aa (Li et al. 1991), 
Cry3Bb (Galitsky et al. 2001), Cry4Aa (Boonserm et al. 2006), Cry4Ba (Boonserm et 
al. 2005), and Cry8Ea1 (Guo et al. 2009) have been studied by X-ray crystallography 
(Fig. 5). The C-terminal portion of the toxin does not form part of the mature toxin 
but is involved in crystal formation, it gets cleaved off in the insect gut. The N-
terminal portion is the actual toxin and consists of three structural domains. Domain I 
consists of a bundle of seven α-helices connected by loops, six of which are 
amphipathic encircling the seventh hydrophobic helix. This domain is responsible for 
membrane insertion and pore formation. Domain II consists of three anti-parallel β-
sheets with exposed loop regions, the β-sheets are packed around a central 
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hydrophobic core forming a so-called β-prism structure. Domain III is a sandwich of 
two antiparallel β-sheets that form a “jelly roll” topology. Both domains confer 
receptor binding specificity thus helping to define the host range (Boonserm et al. 
2006). 
 
(Source: Morse et al. 2001) 
Fig. 5. Three-dimensional structure of Cry2Aa toxin (PDB accession no. 1I5P), a 
representative of a three-domain toxin produced by B. thuringiensis. Roman numerals 
indicate the typical domains of the three-domain Cry proteins: (I), perforating domain; 
(II), central domain, involved in toxin-receptor interactions; (III), galactose-binding 
domain, involved in receptor binding and pore formation. 
The binding of domain I leads to the formation of ion channels in the cell 
membrane (Schnepf et al. 1998) and the toxicity is influenced by the presence of 
hydrophobic motifs within this domain. Several researchers have reported that 
hydrophobic α-4 and α-5 helices insert into the membrane and that this orientation is 
responsible for toxicity (Gazit et al. 1998; Kanintronkul et al. 2003), however there is 
no evidence to support these claims. The exact function of remaining helices remains 
largely unknown, however, studies on amino acid substitutions have proven to have 
effect on toxicity of particular proteins. For example, substitution of Trp243, Phe246, 
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Tyr249 and Phe264 with alanine in α helix 7 of the mosquitocidal Cry4B toxin 
resulted in a dramatic decrease in toxicity against the mosquito Stegomyia aegypti. 
Domain II is the most divergent domain of the Cry toxins and its replacement 
or switching with domains II and III of other toxins affects host specificity (de Maagd 
et al. 1999; Gomez et al. 2002). The exposed loops connecting antiparallel β-sheets 
are the least conserved regions amongst the Cry toxins. The length of the apical loops 
varies among Cry toxin, Cry5Aa toxin has the longest loop whereas Cry3Aa has the 
shortest one (Xin-Min et al. 2009).  The impact of loop length on the domain structure 
and function is not known. However, Boonserm et al. (2005) suggested that shorter 
loops are more likely to disturb the structure of the core β-sheets of Domain II and, 
consequently, interrupt the interaction of Domains I and II. Ibrahim et al. (2010) 
suggested that the loops appear to be key elements in receptor recognition, binding 
and specificity. 
Domain III is associated with cell membrane receptor binding (Burton et al. 
1999; Lee et al. 1999; Jenkins et al. 2000), channel formation (Wolfersberger et al. 
1996; Schwartz 1997) and has also been linked to toxicity. The changes in amino acid 
sequence of this domain leads to change in toxicity, for example, Aronson and co-
workers (Aronson et al. 1995) reported that single alanine substitutions of two serine 
residues at positions 503 and 504 in the Cry1Ac toxin significantly decreased binding 
affinity of the toxin and reduced toxicity to the tobacco hornworm. Domain I is the 
most conserved among Cry toxins. Domain II and the beginning of Domain III are the 
least conserved. 
Mode of action of Cry proteins 
The exact mechanism of Cry toxin action remains controversial. Although 
various models have been proposed to explain the mechanism of action of Cry toxins, 
two of them are widely accepted. The first one (pore forming model) postulates that 
Cry toxin binds to midgut receptor(s), oligomerizes and inserts into the membrane to 
form lytic pores (Bravo et al. 2004). The receptors molecules to which Cry toxins 
bind are cadherins, they are located in the midgut  epithelial cells of many insects 
including the tobacco hornworm (Vadlamudi et al. 1993), tobacco budworm (Gahan 
et al. 2001; Jurat-Fuentes and Adang 2006), silkworm (Nagamatsu et al. 1998a; 
Nagamatsu et al. 1998b), cotton bollworm (Wang et al. 2005), pink bollworm (Morin 
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et al. 2003), European corn borer (Flannagan et al. 2005), western corn rootworm 
(Sayed et al. 2007), yellow mealworm beetle (Fabrick et al. 2009) and mosquito (Hua 
et al. 2008). Cadherins are calcium-dependent transmembrane glycoproteins 
performing various functions in cells like cell-cell adhesion, cell migration, regulation 
of tissue organization and morphogenesis (Gumbiner 1996; Angst et al. 2001). The 
insect midgut-specific cadherins, through various signalling pathways are involved in 
cell growth, cell division and cell death. Moreover, the levels of cadherin BT-R1 in 
the midgut of the tobacco hornworm have been found to increase dramatically, along 
with accumulation of its mRNA, during larval growth and development of the insect 
(Midboe et al. 2003). This increase in the level of cadherins during larval 
development emphasizes their role in maintaining epithelial organization of midgut. 
The domains II and III initially bind to the primary receptors (cadherins), which 
cleave the toxin within domain I and induce oligomerization. The latter is followed by 
binding of Domain I to secondary receptors via C-terminal glycosylphosp-
hatidylinositol anchors (Soberon et al. 2009). These series of events lead to the 
formation of lytic pores along the plasma membrane and, the notion is based on the 
detection of ion fluxing in brush border membrane vesicles and synthetic lipid 
bilayers treated with Cry toxin (Fig. 6) (Grochulski et al. 1995; Bravo et al. 2004). 
However, no direct evidence has been provided for such a mechanism in either living 
cells or an insect. 
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(Source: Soberon et al. 2009) 
Fig. 6. The pore formation and signal transduction models of mechanism of Cry toxin 
action. Both the models involve common initial steps like protoxin solubilisation in 
the insect gut, midgut proteases mediated protoxin activation and binding of the 
activated toxin to the cadherin receptors. In the pore forming model, the interaction of 
toxin with cadherin initiates the cleavage of helix α-1, leading to toxin 
oligomerization. The oligomeric Cry toxin binds to glycosylphosphatidylinositol 
(GPI) anchored receptors which help in toxin insertion into the membrane. In the 
signal transduction model, toxin interaction with cadherin activates a G protein that 
increases activity of adenylyl cyclase (AC), resulting in increased cAMP levels which 
in turn activate protein kinase A (PKA) that is responsible for the activation of an 
intracellular pathway resulting in cell death.  
The second model proposed by Zhang and co-workers (Zhang et al. 2006) 
suggested that the initial binding of the toxin induces a Mg2+ dependent signalling 
cascade which in turn leads to G-protein dependent cAMP accumulation and thereby 
to activation of protein kinase A leading to cell death. Cry toxin action is a complex 
process that involves binding of toxin to the highly conserved structural motifs (BT-
R1) in the cadherin receptor which in turn triggers a cascade of events leading 
ultimately to oncosis (Zhang et al. 2005). These series of events have been studied in 
detail using Cry1Ab binding to the receptor molecules. Binding of Cry1Ab toxin to 
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the BT-R1 receptor induces a molecular signal resulting in activation of 
heterotrimeric G protein and adenylyl cyclase which ultimately leads to increase in 
production of cAMP. Over production of cAMP activates protein kinase A, giving 
rise to an array of cellular changes, including cytoskeletal rearrangement and ion 
fluxing. Activation of this pathway leads to chemical alterations in the cell and brings 
about cell death (Fig. 6) (Zhang et al. 2005; Zhang et al. 2006). 
Cytolytic (Cyt) toxins 
Cyt proteins, coded by cyt genes constitute another class of δ-endotoxins 
produced mainly by Bt subsp. israelensis (Bti) during sporulation stage. In 
comparison to Cry proteins, Cyt proteins display in vitro cytolytic activity, are 
predominantly active against dipteran insects (Butko 2003; de Maagd et al. 2003) and 
consist of single domain, three layer alpha beta proteins. Based on Bt Toxin 
Nomenclature Committee (Crickmore et al. 2014) data, three families of Cyt proteins 
are known, viz. Cyt1 (1Aa, 1Ab, 1Ab, 1Ac, and 1Ad), Cyt2 (2Aa, 2Ba, 2Bb, 2Bc, and 
2Ca) and Cyt3 (Cyt3Aa1). 
Structure of Cyt toxins 
The overall structure has a single domain of α/β architecture with a β-sheet in 
the centre surrounded by two α-helical layers. The central β-sheet consists of six 
antiparallel β-strands, flanked by an α-helix layer composed of α1 and α2 on one side 
and α3-α5 on the other (Fig. 7) (Li et al. 1996; Cohen et al. 2008; Cohen et al. 2011). 
Sequence alignment reveals that there are four blocks with high similarity scores: (I) 
Block 1, helix α1; (II) Block 2, α5 to β5 region; (III) Block 3, region β6-β7; (IV) 
Block 4, region α6-β8 (Butko 2003). In Cyt1Aa, hairpin β2-β3 between helices α1 
and α2 is common to all members of the Cyt1 family, but absent in the Cyt2 group. 
Hairpin β6-β8 of Cyt1Aa consists of a modified “Greek-key” topology followed by 
strand β4. By comparing the N-terminus of Cyt1Aa and Cyt2Aa, it has been revealed 
that an extra strand β0 at N-terminal end which only exists in Cyt2Aa may play an 
important role in dimerization and proteolytic activation (Cohen et al. 2011).  
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(Source: Cohen et al. 2011) 
Fig. 7. Structural of Cyt toxin (Cyt1Aa, PDB ID 3RON). The overall structure has a 
single domain of α/β architecture with a central β-sheet surrounded by two α-helical 
layers. The central β-sheet consists of six antiparallel β-strands with two α-helices on 
one side and three on the other. 
Mode of action of Cyt toxins 
Unlike Cry toxins, which bind to specific receptors located on the midgut 
epithelial cells, Cyt toxins directly interact with saturated membrane lipid such as 
phophatidylcholine, phosphatidylethanolamine and sphingomyelin (Rodriguez-
Almazan et al. 2011). Proteolytic cleavage sites are found at N-terminus, while three 
major β-strands (β5, β6 and β7) at C-terminus are probably protected against 
proteolysis during membrane insertion (Du et al. 1999). The α1 and α3 helices of 
Cyt1Aa have been proposed to be involved in membrane interaction and 
intermolecular assembly (Gazit et al. 1997; Promdonkoy et al. 2008). The six 
monomer units of Cyt toxins assemble into an “open umbrella” conformation. Strands 
β5, β6 and β7 extend the lipid bilayer as the handle of an umbrella, while as the top of 
the umbrella consists of α- helices, spreading on the membrane surface (Butko 2003). 
The mechanism of action of Cyt proteins has been proposed based on the results of 
Cyt1Aa working mechanism and crystal structure as:  Binding of Cyt toxin monomers 
to the membrane at C-terminal end, conformational change at the N-terminal end 
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initiates oligomerization, which extends the β-strands to the lipid bilayer leading to 
pore formation (Rodriguez-Almazan et al. 2011). Another contrasting hypothesis 
states that the Cyt toxin aggregates on the membrane and destroys the lipid bilayer in 
a detergent-like manner (Butko 2003). Both the models support each other in terms of 
change in Cyt toxin concentration, at lower concentrations the toxins oligomerize but 
when toxin to lipid ratio increases critically, a large number of molecules assemble on 
the membrane leading disruption of protein-lipid complexes (Butko 2003). 
Synergism with Cry toxins 
Cyt toxins besides binding to membrane lipids directly also bind to Cry toxins 
and enhance their specificity and toxicity. Two well documented examples of 
synergism are between Cyt and Cry11Aa or Cry4Aa from Bt subsp. israelensis 
(Porter et al. 1993; Wirth et al. 1997; Perez et al. 2005; Canton et al. 2011). Two 
epitopes of Cyt1Aa, 196EIKVSAVKE204 (on helix α6 and strand β7) and 
220NIQSLKFAQ228 (on strand β8) are involved in the binding to Cry11Aa (Cohen et 
al. 2011). Loop α8, strand β4 and loop 2 (residues 386-396) of Cry11Aa are the 
binding epitopes that interact with Cyt1Aa, which are the same binding regions of 
Cry11Aa and its receptors (Perez et al. 2005). Recently, by using mutants the 
involvement of Cyt1Aa epitopes in binding with Cry4Ba (II loop α8) has been proven 
(Canton et al. 2011). These results indicate that Cyt1Aa acts as membrane receptor 
and synergizes with Cry4Aa or Cry11Aa from Bt subsp. israelensis at similar 
epitopes.  
Vegetative Insecticidal proteins (Vips) 
The Vegetative Insecticidal Proteins (Vips) are other promising class of toxins 
produced by certain B. thuringiensis strains (Estruch et al. 1996). Unlike Cry and Cyt 
proteins, they are primarily secreted during the vegetative stage of growth, however 
their secretion can extend up to the sporulation phase (Estruch et al. 1996; Lee et al. 
2003). Vip proteins show no amino acid sequence homology with δ-endotoxins, 
suggesting that they bind to different receptors in host gut (Estruch et al. 1996; Lee et 
al. 2003). This difference in binding offers advantage that cross-resistance of insects 
to different toxins are unlikely to occur, so Vip proteins can be used synergistically 
with Cry and Cyt proteins for the control of different insect pests (Rice 1999). The 
genes encoding Vips are located on plasmids, that also encode Cry proteins 
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(Hernández-Rodríguez et al. 2009). Four classes of Vip proteins have been described 
so far, Vip1, Vip2, Vip3 and Vip4 (Crickmore et al. 2015). Vip1 and Vip2 exist as a 
binary toxin, which are 100 kDa and 52 kDa in size respectively, and are highly toxic 
to certain coleopteran species (Warren 1997; Shi et al. 2004). While Vip1 creates 
pores by binding specifically to the receptors on intestinal membrane, Vip2 penetrates 
through these pores and inhibits the polymerization of monomeric actin (G-actin) 
(Warren 1997; Barth et al. 2004). Vip3, an 88 kDa protein is effective against a wide 
spectrum of lepidopteran insects (Estruch et al. 1996, Chen et al. 2003). Vip3A has 
been proven to form ion channels in the absence of receptors, supporting pore 
formation as an inherent property of this protein. With several laboratories reporting 
onset of resistance against Cry proteins, Vips owing to a different mode of action 
offer a promise of extending their usefulness to prevent or at least delay the onset of 
resistance in insects (Fang et al. 2007; Wu et al. 2007). Vip4 class, as of now remains 
to be uncharacterized.  
Parasporins 
A relatively novel and unique class of non-insecticidal proteins was 
discovered from certain strain of B. thuringiensis. In 1999, two non-insecticidal B. 
thuringiensis strains A1190 (previously known as 84-HS-1-11) and A1547 
(previously known as 90-F-45-14) demonstrated cytocidal toxicity against human 
cancer cells (Mizuki et al. 1999). The cytocidal activity was attributed to the 
production of heterogenous proteins later named as Parasporin toxins or Parasporins. 
Based on the homology of primary sequences, six subclasses of parasporins have been 
recorded (PS1-PS6) so far by the Committee of Parasporin Classification and 
Nomenclature (Okumura et al. 2015). These toxins exhibit strong cytotoxic activities 
with various toxicity spectra and levels, causing morphological changes in 
intracellular vacuolations, cell swelling and cell bursting (Kitada et al. 2006; Ohba et 
al. 2009). 
Chitinases 
Chitin is a linear insoluble homopolymer of N-acetylglucosamine (a glucose 
derivative) connected by β-1, 4-linkages (Gooday 1994). It is the main component in 
the cell walls of fungi, exoskeletons of arthropods, and midgut peritrophic membrane 
of many insects (Tellam et al. 1999; Terra 2001). Endochitinases are enzymes that 
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degrade chitin by randomly cleaving within its chain, and exochitinases hydrolyse 
diacetylchitobiose units from the chain’s end (Sampson and Gooday 1999; Arora et 
al. 2003). B. thuringiensis has been shown to produce both forms of chitinases 
simultaneously. Hence, it has the capacity to damage the peritrophic membrane and 
thereby enable binding of other toxins to their receptors in midgut epthelium (Regev 
et al. 1996). This speculation has been supported by the reports of increased 
efficiency of Cry and Vip toxins in the presence of both exogenous (Sampson and 
Gooday 1999; Tantimavanich et al. 1997) and endogenous chitinases (Sampson and 
Gooday 1999). Therefore, use of Bt toxins in combination with chitinases offers a 
better pest control strategy. 
Other entomopathogenic factors 
In addition to the above mentioned toxins, certain auxiliary types of toxins 
have also been reported to be produced by Bt. For example, hemolysins are produced 
by Bt during vegetative stage of growth, particularly when iron is depleted. 
Hemolysins act by causing lysis of insect haemocytes and macrophages by forming 
pores in the cell membranes (Tran et al. 2013), allowing Bt cells to acquire nutrition 
during infection and suppressing the host immune system. Li and Yousten (1975) first 
described the production of a Bt protease, specifically the metal chelator-sensitive 
protease (metalloprotease), secreted at the onset of stationary phase of growth. 
Cecropins and attacins are the chief classes of inducible antibacterial peptides 
produced by several lepidopterans and dipterans. An extracellular zinc 
metalloprotease, termed InhA or InA (immune inhibitor A) which specifically 
hydrolyzes antibacterial proteins produced by the insect host, in vitro, was suggested 
to partly explain the success of the bacterium in invading hemocoel (Dalhammar and 
Steiner 1984). Recently a new B. thuringiensis virulence factor, InhA2 that is highly 
homologous to InhA, has been characterised (Fedhila et al. 2002) and shown to play a 
major role in potentiating the toxicity of Cry proteins in orally infected insects. inhA2 
is a PlcR regulated gene essential for B. thuringiensis virulence (Fedhila et al. 2003).  
Secreted insecticidal proteins (Sips), discovered by Donovan and his group 
(Donovan et al. 2006) are produced during vegetative phase of Bt growth. These 
proteins are toxic to coleopteran larvae and their mode of action is similar to that of 
Cry and Vip toxins. Certain Bt strains during sporulation stage produce a 
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thermostable toxin of a low molecular weight (701 Da), composed of adenosine, 
glucose and alaric acid, known as type I β-exotoxin or ‘thuringiensin’. It is an adenine 
nucleotide (ATP) analog (Farkas et al. 1968) that acts by inhibiting eukaryotic DNA-
dependent RNA polymerases, thereby affecting the normal development of the 
organism (Beebee et al. 1972). Due to its general mechanism of action, it was found 
to be toxic across taxa, including mammals, so World Health Organization has 
recommended that Bt strains producing these toxins must not be used for insect 
control (WHO 1999). 
Zwittermicin A (ZwA) is a linear aminopolyol antibiotic that was first 
identified for its role in suppression of fungal plant disease by B. cereus UW85 (Silo-
Suh et al. 1994). B. thuringiensis has also been shown to produce the ZwA antibiotic 
(Raffel et al. 1996; Nair et al. 2004). Recent studies have proven the striking 
similarities between ZwA biosynthesis cluster of B. thuringiensis subsp. kurstaki 
strain YBT-1520 and that of B. cereus UW85 (Zhao et al. 2007). Studies on the 
synergy between ZwA (purified from B. cereus) and Bt insecticidal proteins have 
shown that ZwA enhances the insecticidal potency of Bt proteins (Broderick et al. 
2003). Hence, production of ZwA could constitute a potential additional factor for 
enhancing efficacy of B. thuringiensis and delaying development of insect resistance. 
Helicoverpa armigera 
Helicoverpa armigera (Hübner) (Lepidoptera; Noctuidae) commonly called as 
old-world bollworm, is also known as cotton bollworm, African cotton bollworm, 
corn earworm, tobacco budworm, legume pod borer, and gram pod borer. It is an 
important polyphagous agricultural pest and has a worldwide distribution including 
Africa, Asia and some countries of Europe (Chamberlin 2004; Sharma 2005). It is a 
polyphagous pest and has been reported to attack more than 200 different plant 
species including cotton, tomato, pigeonpea, chickpea, peas, cowpea, sunflower, 
sorghum, pearl millet and other crops. Other important host includes ground nut, okra, 
field beans, soybean, Lucerne, and other Leguminosae, tobacco, potato, maize, 
linseed, and a number of fruits (Prunus, Citrus), forest trees, and a range of vegetable 
crops (Jallow et al. 2004; Cunningham and Zalucki 2014). H. armigera exhibits a 
facultative diapauses and astivation, enabling it to survive both in extreme cold and 
hot conditions during winter and summer, respectively. Its peculiar biology with 
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respect to mobility, polyphagy, rapid reproduction and diapause makes it a 
cosmopolitan pest capable of thriving in various environmental conditions. Moreover, 
the agronomic factors, such as high yielding varieties, increased use of irrigation and 
fertilizers, and largescale production and planting of alternate crop host contribute 
towards greater prevalence and increased severity. The exact figures for the global 
losses due to H. armigera are not possible, but Sharma (2001) predicted annual losses 
of about 5 billion dollars; $US900 million in chickpea and pigeon pea, with over $300 
million loss in these two crops in India alone (Reed and Latif 1990). Therefore, it 
becomes imperative to study every aspect linked to this insect in order to understand it 
fully, so that a better control methodology can be devised against it in future.  
Moreover, H. armigera is arguably the most important agricultural pest and 
has a long history of insecticide resistance (Gunning et al. 1999). By the mid-
1990s, H. armigera exhibited widespread resistance to insecticides resulting in 
growers applying up to 14 applications of insecticide to the cotton each growing 
season to control H. armigera larvae (Forrester et al. 1993). This practice resulted in 
significant environmental degradation of riverine environments, and concerns relating 
to human health. Bt was introduced as an environmentally safe tool to control 
Helicoverpa population and to check the development of insecticide resistance 
Classification 
Domain: Eukaryota 
    Kingdom: Metazoa 
        Phylum: Arthropoda 
            Subphylum: Uniramia 
                Class: Insecta 
                    Order: Lepidoptera 
                        Family: Noctuidae 
                            Genus: Helicoverpa 
                                Species: armigera (Hübner, 1805) 
Lifecycle 
The female moths start laying eggs 2-6 days after emergence. They can lay 
between 500 and 3000 eggs, which hatch three days after oviposition. The life cycle 
can be completed in just over a month if the conditions are favorable (Pearson 1958; 
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Fitt 1991; Shanower and Romeis 1999). At optimal temperature, the larvae can hatch 
after less than 3 days. Then they pass through four instars over a period of 3-4 weeks 
(Reed 1965; Rajagopal and Channa Basavanna 1982) (Table 5). The caterpillars are 
rather aggressive, occasionally carnivorous and, when the opportunity arises, 
cannibalistic. If disturbed, they let themselves drop from the plant and roll up on the 
ground (Table 5). They pupate inside a silken cocoon several centimetres deep in the 
soil (King 1994). During this stage, they can overwinter if necessary in seasonal 
climates, but they cannot resist severe frost. Otherwise, pupation lasts about 2-3 
weeks (Table 5). In the tropics, reproduction continues throughout the year. H. 
armigera is almost indistinguishable from its near relative H. zea. However, the two 
species have different areas of distribution. H. armigera, also called the “Old World 
bollworm”, is found in parts of Europe, Asia, Africa and Australasia. H. zea, the 
“New World Bollworm” is found in the Americas. Their host ranges are broadly 
similar. Both species originate from tropical and subtropical regions, but they will 
immigrate over long distances into areas with temperate climates each summer. The 
adult insects are good fliers and are mostly active at night. H. armigera is extremely 
well adapted to agroecosystems and can exhibit up to 11 generations a year under 
good conditions (Shanower and Romeis 1999). To compound the problem of control, 
the bollworm exhibits overlapping generations in the field. The bollworm has evolved 
2 major strategies for adapting to adverse conditions. First, it has excellent migratory 
abilities and can fly up to 155 miles (250 km) in search of a viable food source 
(McCaffery et al. 1989). Secondly, it has the ability to enter into a facultative 
diapause when conditions become too hot or cold (King 1994). This allows the 
bollworm to survive until environmental conditions improve. 
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Table 5. Life cycle of Helicoverpa armigera 
Picture Stage Description 
 
 
 
 
Eggs 
The eggs are spherical approximately 5 mm in 
size, which are initially white in coloration, then 
darken to grayish brown prior to eclosion. The 
eggs are sculptured with vertical ridges of 
alternating length, which surround a smooth 
apical area that contains the micropyle (King 
1994). 
 
 
 
 
Larva 
First instar larvae have a black to brown head 
capsule and a yellowish-white body with a 
spotted appearance due to sclerotized setae, 
tubercle bases and spiracles. Larval color darkens 
with successive molts for the 6 instar stages 
(typical) observed for H. armigera, and coloration 
can vary considerably due to diet content. Larval 
size in the final instar ranges from 3.5-4.2 cm in 
length (King 1994). 
 
 
 
 
Pupae 
The pupa range in size from 14-22 mm long and 
4.5-6.5 mm in width at the widest point and are a 
dark brown color with a smooth surface. The 
body is rounded at both ends and possess two 
tapering parallel spines at their posterior tip. 
 
 
 
 
Adults 
Body shape of typical noctuid appearance. Body 
length 12-20 mm (0.47-0.79 in) and wingspan 
between 30–40 mm (1.2-1.6 in). The forewings 
are yellowish to orange-brown in females and 
greenish-gray in males and usually have a line of 
seven to eight blackish spots on the margin and a 
broad, irregular, transverse brown band. The 
hindwings are pale yellow with dark-brown band 
along the external edge that contains a paler patch 
in the middle (King 1994). 
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Bioassay methods 
Assessment of the infectivity of a given B. thuringiensis isolate/preparation is 
an essential procedure to determine the applicability of the preparation and to 
compare the efficacy of different isolates/preparations. Such assays are normally 
carried out under lab conditions and in order to ensure their predictability and 
accuracy, the bioassay method employed should closely simulate the field conditions. 
These methods should be reliable, consistent and robust enough to be least influenced 
by variation in operator skills and handling procedures. Over the years, a number of in 
vitro bioassay methods like leaf dip, surface contamination, topical application and 
diet incorporation were developed as possible alternatives to simulated field 
conditions. Irrespective of the method employed, following factors influence the 
bioassay results, developmental stage of the insect, bioassay response, method of 
application, bioassay environment, diet, health of the larvae, sampling, sample size 
and operator skills.  Additionally, the form of analysis used to assess the results also 
holds the key to successful interpretation of the bioassay results. Despite the fact that 
each molecule of Bt protein or each cell of Bt has equal probability of causing 
infection and they can act independently of each other, Probit analysis (Finney 1971) 
is the most widely used method to analyse the dosage-mortality data. Since repetition 
is the key to consistency, at least 30 larvae per dose and more than two replicates per 
assay should be used in all bioassays. 
Various bioassay methods like diet incorporation (Dulmage et al. 1971; 
Beegle 1990), surface contamination (Ignoffo 1965) and droplet feeding (Hughes and 
Wood 1981) have been used to obtain lethal concentration (LC) estimates. In all the 
cases, a known concentration of toxin is applied to the artificial diet and fed to the 
larvae in order to check their response. The response is expressed in terms of LC/LD 
50 (Lethal concentration/dose required to kill 50% of a given population of test 
organisms). The first two methods are suitable for post-first instar larvae as they are 
able to fully consume small blocks of food while as the third method is suitable for 
neonates as their transparent body makes it easy to track the colored feeding solution 
in their gut. In the present study, diet incorporation and surface contamination 
methods were used against 2nd instar larvae of H. armigera, the earlier instar larvae 
were used as older larvae tend to be more tolerant to Bt based pesticides (Sanahuja et 
al. 2011). 
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Isolation and Characterization Methods of Bacillus thuringiensis 
B. thuringiensis is widely distributed in different habitats, predominantly as a 
spore-forming bacterium. The bacterium has been selectively isolated using several 
different techniques, among which two methodologies are widely cited in literature. 
The first, developed by the World Health Organization (WHO) (Ferreira da Silva et 
al. 2002), consists of a thermal shock treatment of a soil solution to kill vegetative 
bacteria and the isolation of bacterial spores. The second method developed by 
Travers et al. (1987), selectively inhibits the germination of Bt spores by sodium 
acetate has been more extensively used by researchers (Martin and Travers 1989; 
Carrozi et al. 1991; Ben-Dov et al. 1997; Bravo et al. 1998; Hongyu et al. 2000). 
Sodium acetate at 0.25 M concentration selectively inhibits the germination of spores 
of B. thuringiensis and some relative species while it allows the germination of 
remaining spores. Acetate selection is followed by heat treatment to eliminate the 
vegetative cells and only spore formers survive. The treated mixture is then plated on 
nutrient medium without acetate, following incubation, B. thuringiensis colonies can 
be distinguished from the others by colony morphology and microscopic observation. 
Other methods for the selective and efficient isolation of B. thuringiensis are 
a) methods based on the soil pre-treated with dry-heat for different lengths of time 
was introduced by Santana et al. (2008). This method involves heating the soil 
samples (wrapped in aluminium foil) at 80 °C in hot air oven, b) Application of L-
serine as growth inhibitor in minimal medium for the selective isolation of B. 
thuringiensis (Andrzejczak and Lonc 2008), c) antibiotic selection using polymyxin B 
sulfate and penicillin G to eliminate cells susceptible to these antibiotics (Yoo et al. 
1996) and d) B. thuringiensis isolation method utilizing a novel stain, low selection 
and high throughput (Rampersad and Ammons 2005). All these methods are not used 
as widely as acetate selection. 
Characterization of novel Bacillus thuringiensis isolates 
Once the B. thuringiensis collection is established, it is necessary to 
characterize them for their toxicity analysis against insect pests. The characterization 
methods involve either testing the isolates directly against the insect pest i-e by 
bioassay or by characterizing them for the presence of different insecticidal proteins. 
The former method is tedious and involves extensive testing of the isolates against 
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different pests (Ceron et al. 1994), while as the latter methods involve rapid screening 
using molecular approaches to narrow down to the isolates having apparent toxicity to 
different pests. B. thuringiensis is known to produce one or more insecticidal proteins 
which are encoded by cry, cyt, vip genes located mainly on plasmids (Schnepf et al. 
1998). There have been more than 70 classes of Cry proteins, two classes of Cyt 
proteins and four classes of Vip proteins discovered in Bt (Crickmore 2015). Several 
techniques like Southern hybridization, chromatography, and DNA microarray, 
including the PCR-based method, which is one of the prevalent techniques, have been 
utilized for analyzing toxin contents or isolating new cry genes (Ben-Dov et al. 1997; 
Masson et al. 1998; Ibarra et al. 2003; Letowski et al. 2005). Among these 
approaches, the PCR based one, introduced by Carozzi et al (1991), using primers 
designed from conserved regions of known sequences, have been widely used. It is 
highly sensitive, relatively fast and can be easily used for simultaneous screening of 
large number of isolates (Ceron et al. 1994). PCR has been used to predict insecticidal 
activities (Carozzi et al. 1991), to identify cry-type genes (Bourque et al. 1993; 
Glaeve et al. 1993; Ceron et al. 1994, 1995), to determine the distribution of the cry 
genes (Chak et al. 1994) and to detect novel cry genes (Kalman et al. 1993; Kuo and 
Chak 1996). Following popular use of PCR for insecticidal gene screening, PCR-
hybridization (Kalman et al. 1993), PCR-RFLP (restriction fragment length 
polymorphism) (Kuo 1996), E-PCR (exclusive-PCR) (Juarez-Perez et al. 1997), as 
modified PCR methods have been developed overtime to further characterize 
insecticidal genes of B. thuringiensis.  
Another approach, Sodium Dodecyl Sulfate Polyacrylamide Gel 
Electrophoresis (SDS-PAGE) is also used to ascertain the insecticidal protein profiles 
and subsequently the insecticidal activity of the B. thuringiensis can be established by 
bioassay (Xavier et al. 2007). SDS-PAGE analysis of crystal proteins is a useful 
complement for the identification of corresponding genes (Hiren et al. 2009), 
however, it must be noted that the correlation between the gene identification and 
expression of a particular protein is not always straight forward. The discrepancy is 
primarily due to the fact that a Bt isolate may harbour more than one crystalline 
protein coding genes, some of which are known to be cryptic. 
In addition to the morphological and molecular methods, characterization 
often includes bioassays against selected arthropod (and occasionally non-arthropod) 
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species to determine pesticidal activity. Four main pathotypes based on order 
specificity: Lepidoptera-specific (CryI, now Cry1), Coleoptera-specific (CryIII, now 
Cry3), Diptera-specific (CryIV, now Cry4, Cry10, Cry11; and CytA, now Cyt1A), 
and CryII (now Cry2), the only family known at that time to have dual (Lepidoptera 
and Diptera) specificity have been identified. Toxicity is defined as the degree to 
which an agent is able to damage an exposed organism. Since individual insects vary 
in their response to a particular concentration or dose, toxicity is assessed in terms of 
the amount that needs to be given to obtain observable effect (lethal or sublethal) in a 
given proportion (usually 50%) of the test population, yielding a 50% effective or 
lethal concentration (EC50 or LC50, respectively). The effects of toxicity may be 
recorded as sublethal (feeding inhibition and growth reduction) or lethal (mortality), 
the former is more sensitive but the latter is more commonly practised (MacIntosh et 
al. 1990; van Frankenhuyzen and Gringorten 1991). 
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Chemicals/ reagents/ kits/enzymes and suppliers 
Most of the chemicals used were of analytical/molecular grade purchased from 
various suppliers. 
Chemicals                                                                                                                   Supplier 
Acrylamide G-biosciences, USA 
Acetic acid (glacial)      Finar limited, India 
Acetone       Biomatik, Canada 
Agar         Himedia, India 
Agarose Pronastar, Spain 
Ampicillin       Himedia, India 
Ammonium persulphate Amresco, USA 
Ammonium sulphate Himedia, India 
Bis-acrylamide (N, N’-methylene-bis-acrylmide) G-biosciences, USA 
Bovine serum albumin Himedia, India 
Bromophenol blue Himedia, India 
5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside 
(X-gal) 
Fermentas, USA 
Calcium chloride Himedia, India 
Calcium carbonate G-biosciences, USA 
Chloroform Amresco, USA 
Coomassie Brilliant Blue R 250 Sisco Research Laboratories, 
India 
Coomassie Brilliant Blue G 250 Sisco Research Laboratories, 
India 
Deoxy nucleoside triphosphates (dNTPS) Genei, India/Fermentas, USA 
Dithiothreitol  Amresco, USA 
Dried skimmed milk Sigma-Aldrich, USA 
Dimethyl sulphoxide (DMSO) Himedia, India 
Ethanol Himedia, India 
Ethidium bromide Himedia, India 
Ethylenediaminetetra-acetic acid (EDTA) G-biosciences, USA 
Formaldehyde Amresco, USA 
Glycerol Sigma-Aldrich, USA 
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Glycine Amresco, USA 
Hydrochloric acid Himedia, India 
Isopropanol Himedia, India 
Isopropyl β-D-1-thiogalactopyranoside (IPTG) Fermentas, USA 
Kanamycin Himedia, India 
LB (Luria-Bertani) broth Himedia, India 
Lysozyme Genei, India 
2-Mercaptoethanol Amresco, USA 
Methanol Himedia, India 
Phenol: Chloroform: Isoamyl Alcohol Sisco Research Laboratories, 
India 
Phenylmethanesulfonyl fluoride Thermoscientific, USA 
Polyoxyethylene (20) sorbitan monolaurate (Tween 
20) 
Himedia, USA 
Sodium acetate Biomatik, Canada 
Sodium carbonate G-biosciences, USA 
Sodium chloride Himedia, India 
Sodium dodecyl sulfate (SDS) G-biosciences, USA 
Sodium hydroxide Himedia, India 
N,N,N',N'-Tetramethylethylenediamine (TEMED) G-biosciences, India 
Tris hydroxymethyl aminomethane (Tris base) Sigma-Aldrich, USA 
Triton X-100 Himedia, India 
Urea G-biosciences, India 
Kits 
QIAquick gel extraction kit Qiagen, USA 
QIAquick PCR purification kit Qiagen, USA 
Tissue culture plates (6 and 24 well) Himedia, India 
GenElute Bacterial Genomic DNA Kit                                                    Sigma-Aldrich, USA 
PCR-Select Bacterial Genome Subtraction Kit                                              Clontech, USA
pGEMT Easy Vector Promega, USA 
pET-28a(+) Novagen, USA 
Enzymes 
Taq DNA polymerase Genei, India 
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Pfu DNA polymerase Qiagen, USA 
Advantage 2 Polymerase Mix Clontech, USA 
Proteinase K Genei, India 
Restriction endonucleases Fermentas, USA 
T4 DNA ligase Promega, USA 
RNase A Fermentas, USA 
Miscellaneous material 
0.22 µm membrane filter Millipore, USA 
0.45 µm membrane filter Millipore, USA 
1 kb DNA ladder Fermentas, USA 
100 bp DNA ladder Fermentas, USA 
Lambda DNA/HindIII Marker Fermentas, USA 
PageRuler Prestained Protein Ladder                                               Thermofisher scientific, USA 
Electroporation cuvettes-Gene pulser 0.1 cm Biorad, USA 
Anti-His antibody (primary) Applied Biological Materials 
(ABM), Canada 
Anti-goat IgG alkaline phosphatase conjugate 
(secondary 
Applied Biological Materials 
(ABM), Canada 
Polyvinyl difluoride (PVDF) membrane Biorad, USA 
 
Collection of soil samples 
Jammu and Kashmir (32° 00'- 36° 10' North and 73° 22' - 77° 40' East) falls in 
the great North-Western, complex of the Himalayan ranges having complex 
geomorphology. Regions with no previous history of use of B. thuringiensis or its 
products were selected for sampling purpose. The soil samples were collected at a 
depth of 10-15 cm from the surface and transported to the laboratory, so that the 
elapsed time between sample collection and initial processing did not exceed 24 h. 
Bacterial strains used in the study 
The standard Bacillus thuringiensis strains used as controls for identifying 
known cry genes by PCR, protein profiling and insect bioassays are given in Table 1. 
For experimental purpose, the Bt strains were grown at 30 °C with shaking at 180 to 
200 rpm using LB and CCY broth or on plates of LB agar or CCY agar. Bt strains 
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were maintained as glycerol stocks (20% v/v) from freshly grown cultures (18 h) and 
stored at -80 °C.  
Escherichia coli strains used as host for transformation are summarized in 
Table 2. All the E. coli strains were grown at 37 °C with shaking at 180 to 200 rpm 
using LB broth/ SOC or on plates of LB agar. E. coli strains were maintained as 
glycerol stocks (20% v/v) from freshly grown cultures (16 h) and stored at -80 °C. 
Insect populations 
The populations of Helicoverpa armigera were collected from infested chick 
pea plants grown at the experimental farms of Faculty of Agricultural Sciences, 
Aligarh Muslim University, Aligarh, India. The insects were maintained in our 
laboratory for 10 generations without exposure to insecticides before proceeding with 
bioassay and toxicity experiments. Helicoverpa larvae were initially maintained on 
natural diet consisting of chick pea leaves upto 2nd generation and the subsequent 
generations were reared on artificial diet by the method of Teakle and Jensen (1985) 
at 25 oC, 50 ± 10% relative humidity, with 14 h photoperiod using artificial diet. 
During oviposition, H. armigera adults were provided with 5% (w/v) honey solution. 
Media used in the study 
LB (Luria-Bertani) broth: pH 7.0 (Sambrook et al. 1989)  gl-1 
Tryptone        :10 
Yeast Extract        :5  
NaCl         :10                      
CCY- B. thuringiensis sporulation medium: pH 7.0 (Stewart et al. 1981) 
         gl-1 
Acid casein hydrolysate      :1 
Bacto casitone (pancreatic casein hydrolysate)   :1 
Yeast extract        :0.4 
Glutamine        :0.02 
Glycerol        :0.06% v/v 
Potassium dihydrogen orthophosphate    :1.77 
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Dipotassium hydrogen orthophosphate    :4.53 
Magnesium chloride       :0.5mM 
Manganese chloride       :0.01mM 
Zinc chloride        :0.05mM 
Calcium chloride       :0.2mM 
Ferric chloride        :0.05mM 
T3 medium: pH 7.0 (Martin and Travers 1989)   gl-1 
Tryptone        :3 
Tryptose        :2 
Yeast extract        :1.5 
Sodium phosphate (pH 6.8)      :0.05 M  
MnCl2         :0.005 
SOC medium: pH 7.0      gl-1/ml-1 
Bacto tryptone       :20 
Bacto yeast extract       :5 
Sodium chloride       :0.5 
Potassium chloride       :0.186 
Magnesium chloride       :0.95 
Glucose (1M)        :20 
All the media were sterilized by autoclaving at 121 °C at 15 p.s.i for 20 min. 
Heat labile components were sterilized by filtration through 0.22 µm membrane filter 
and added to the respective media only after cooling them to ≈ 55 °C. 
Antibiotic stock solutions (prepared in double distilled water) 
Ampicillin        :100 mgml-1  
Kanamycin        :50 mgml-1 
Penicillin        :10 mgml-1 
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The antibiotic solutions after preparation were sterilized by passing through 
0.22 µm membrane filter and stored at -20 °C. 
LB plates with ampicillin/IPTG/X-Gal and kanamycin 
LB agar medium was prepared and autoclaved, the medium was allowed to 
cool to 55°C and as required, amended with penicillin to a final concentration of 100 
µgml-1 (1 µl of 100 mgml-1 stock solution per ml of media), IPTG at 0.1mM (1 µl of 
0.1M stock per ml of media) and X-Gal at 40 µgml-1 (2 µl of 20 mgml-1 stock per ml 
of media) or kanamycin at 50 µgml-1 (1 µl of 50 mgml-1 stock solution per ml of 
media) . The amended medium was poured into 90 mm petri dishes and allowed to 
harden and stored at 4 °C for up to 1 month. 
Isolation of Bacillus thuringiensis 
Sodium acetate selection method (Travers et al. 1987) was used for isolation of 
Bacillus thuringiensis from the soil. One gram samples were incubated in 10 ml of LB 
broth buffered with sodium acetate solution (0.3 M, pH 6.8) at 30 °C for 4 h. In order 
to eliminate non-sporulated microbes that germinated during incubation, 2 ml aliquot 
of each sample was heated at 80 °C for 10 min. The surviving spores were diluted 
(10-1000 folds) in sodium acetate buffer (pH 6.8) from which 300 µl of each was 
spread on T3 agar plates and incubated at 30 °C to grow for 72 h. For each plated 
sample, well isolated colonies representing Bacillus like morphology were picked and 
purified on T3 agar plates containing Penicillin at a concentration of 10 mgml-1. 
Microscopy 
Phase contrast microscopy  
B. thuringiensis were cultured in T3 medium at 30 °C on an orbital shaker set 
at 180 rpm for 72-96 h. The autolysed cells were harvested to obtain spore-crystal 
mixture by centrifugation at 12,000×g at 4 °C for 20 min. The pellets were washed in 
0.5 M NaCl thrice followed by washing thrice in distilled water to eliminate extra-
cellular components. The pellets so obtained, were finally resuspended in sterile 
distilled water. A loopful of liquid culture was transferred onto a clean microscopic 
slide, was spread in thin film and covered with cover glass. The slide was examined 
for the presence of parasporal bodies under phase contrast microscope (Olympus 
BX41-CCD fitted with Xcam-α colour video camera) with 100x oil immersion 
objective. 
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Scanning electron microscopy 
B. thuringiensis were inoculated in T3 medium and incubated at 30 °C for 72-
96 h with shaking at 180 rpm. The cells were harvested by centrifugation at 4000×g 
for 10 min, followed by washing the cell pellets thrice with 100 mM sodium 
phosphate buffer (PBS, pH 7.4). The cells were fixed by re-suspending in 2.5% 
glutaraldehyde at 4 °C for 16 h followed by washing thrice with PBS to remove traces 
of glutaraldehyde. The pellets were dissolved in PBS, 10 µl aliquots of the suspension 
were transferred to cover glass and air dried. The samples were dehydrated through 
ethanol gradients (10%, 30%, 50%, 70% and 100%), holding the samples at each 
concentration for 20 min. The residual moisture was removed by critical point drying 
(CPD) (Leica EM CPD300, Leica Vienna) and then the samples were sputter-coated 
with gold in Gold Sputter Coater Unit (JEOL-JFC 1600, Japan) and the micrographs 
were captured by scanning electron microscope (SEM) (JSM6610 LV JEOL, Japan). 
Oligonucleotides 
Oligonucleotides for PCR amplification and sequencing in this project were 
either taken from published studies or designed using programmes, Primer 3 and 
Bioedit (chapter III Table 2; chapter IV Table 2). As far as possible primers were 
designed to have an optimum annealing temperature between 50-60 °C by altering the 
length of the primers, however some primers had annealing temperature as low as 45 
°C (due to low G+C content of B. thuringiensis). Oligonucleotide primers synthesis 
service was availed from Integrated DNA Technologies (IDT, Belgium). The 
lyophilized oligonucleotides were dissolved in nuclease free water (Ambion, USA) to 
a concentration of 100 µM and stored at -20 °C. 
Genomic DNA isolation 
Genomic DNA from B. thuringiensis strains was isolated and purified by 
using GenElute Bacterial Genomic DNA Kit (Sigma-Aldrich, USA) as per the 
manufacturer’s instructions. 
Plasmid DNA isolation 
The plasmid DNA from E. coli clones was purified by using GenElute 
Plasmid Miniprep Kit (Sigma-Aldrich, USA) as per the manufacturer’s instructions or 
by alkaline lysis miniprep protocol (Sambrook and Russell 2001) 
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PCR amplification of DNA 
Using appropriate primer pairs, Taq polymerase (Genei, India) or Advantage 2 
polymerase mix (Clontech, USA) desired portions of genome were amplified from Bt 
using total DNA as template. For most PCR reactions a total volume of 25 µl was 
used. For amplification of desired fragments in colony PCR, well isolated colonies of 
E. coli were used as template. Generally, following final concentrations of reagents 
were used in PCR amplifications 
Taq/Advantage 2 PCR buffer      : 1X 
MgCl2         :1.5 mM 
dNTPs         :0.2 mM 
Primers        :0.4 µM 
Template        :20-100 ng 
Taq/ Advantage 2 polymerase mix     :1.5-2.5 U 
PCR reactions were carried out either in S1000 thermal cycler (Biorad 
Laboratories, Inc. USA) or My gene gradient thermal cycler (LongGene scientific 
instruments, Hangzhou, China) and the reaction conditions were set as: Initial 
denaturation at 94 °C for 5 min, 30 cycles at; 94 °C for 1 min,  45-60 °C (depending 
upon primer annealing temperature) (chapter III Table 2; chapter IV Table 2) for 1 
min, 72 °C for 1 min (for PCR products longer than 1kb; 1 min per kb of the expected 
product) and final extension at 72 °C for 10 min.  
Agarose gel electrophoresis 
Agarose gel electrophoresis for the separation of DNA fragments was 
performed as described by Sambrook et al. (1989). Agarose gels (0.8%-2.0%) were 
prepared in 1X TAE and prior to pouring, ethidium bromide was added to a final 
concentration of 0.5 µgml-1. The samples were mixed with 6X DNA loading buffer so 
that the final concentration of the mixture is 1X, electrophoresis was carried out at 70-
80 mA current in 1X TAE, for 45-90 min. An appropriate DNA marker was run 
alongside in one of the lanes. To visualize the DNA bands gels were viewed under 
UV light (λ=254 nm) and images capture using AlphaImager HP (ProteinSimple, 
USA) gel documentation system. 
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Purification of DNA from agarose gels 
PCR reaction mixes were run on 1% agarose gel and the desired bands were 
excised with a clean scalpel. The excised bands were placed in a clean 
microcentrifuge tube and purified using QIAquick Gel Extraction kit (Qiagen, 
Valencia, CA) according to the manufacturer’s instructions. 
Ligation of the insert into the vector 
For ligation of the PCR products for sequencing pGEM-T easy vector which 
essentially has single 3-terminal T-overhangs at both ends of the insertion site and an 
ampicillin resistance marker gene was used. The T-overhangs at the insertion site 
greatly improve the efficiency of ligation of PCR products by preventing 
recircularization of the vector and providing a compatible overhang for PCR products 
(containing A overhangs) generated by certain thermostable polymerases. For 
expression of complete coding sequences (CDS), pET28a(+) vector having 
kanamycin selection marker, was used. In either cases, the final concentration of 
reagents used for efficient ligation of the insert into the vector was performed 
according to the pGEM-T easy vector (Promega, USA) manufacturer’s instructions. 
Preparation of chemi-competent cells 
E. coli DH5α cells were made competent using calcium chloride method 
(Sambrook et al. 1989). A single colony from the previously grown culture was 
inoculated into 5 ml LB broth containing nalidixic acid at 10 µgml-1 and incubated at 
37 °C with shaking at 200 rpm for 16 h to make primary culture. 1% (0.5 ml) of the 
primary culture was transferred to fresh 100 ml LB broth in 500 ml conical flask and 
incubated as primary culture for 2-3 h (or till OD600 equals 0.6). The culture was 
centrifuged at 5000×g for 10 min at 4 °C to pellet the cells, followed by washing the 
pellets with ice cold ddH2O. The pellet was resuspended in 10 ml of ice cold 0.1 M 
CaCl2 solution and kept in ice for 1 h (2 h in case of BL21 DE3 cells) followed by 
centrifugation at 5000×g for 10 min at 4 °C. The supernatant was discarded and the 
pellet was resuspended in 1 ml of chilled 0.1M CaCl2. The suspension was further 
diluted by adding chilled glycerol to 20% (v/v) concentration. The final suspension 
was aliquoted into pre-chilled 1.5 ml microfuge tubes, frozen in liquid nitrogen and 
stored at -80 ºC until use. 
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Transformation of chemi-competent E. coli 
To an aliquot (200 µl) of competent E.coli cells, ligation mixture (5 µl) was 
added and incubated in ice for 30 min, heated at 42 ºC for 60-90 sec, and then 
immediately incubated again on ice for 2 min. Cells were allowed to multiply in 800 
µl of SOC medium at 37 ºC, 200 rpm, for 1 h. Cells were concentrated by 
centrifugation at 3500×g and plated on LB agar plates containing appropriate 
antibiotic marker and IPTG, X-gal in the case of blue white screening followed by 
incubation at 37 ºC for 16 h. 
Transformation of electro-competent cells 
ElectroMAX DH10B cells were thawed on ice and mixed be tapping gently. 
20 μl aliquots of the cells were transferred to each pre-chilled microfuge tube 
containing plasmid DNA (20-100 ngml-1). The cell/DNA mixture was transferred to 
ice cold 0.1 cm electroporation cuvettes, mixed and gently tapped to get the cells 
settled at the bottom of the cuvette and stored in ice for 5 min. The cuvette was then 
placed in MicroPulser electroporator or BioRad GenePulser II (Biorad, USA) and 
operated at 1.8 kV, 200 Ω, 25 μF, 6 milliseconds for the cells to take up plasmid 
DNA. 1 ml of SOC medium was added to the cells in the cuvette, the entire volume 
was transferred to a 15 ml snap-cap tube and incubated at 37 ºC with shaking at 200 
rpm for 1 h. An aliquot of the transformed cells (100 μl) was spread on LB agar plates 
containing appropriate selection marker(s) and incubated at 37 ºC for 16 h. 
Blue white screening 
For blue white screening the transformation cultures were spread onto 
LB/ampicillin/IPTG/X-Gal plates. The plates were incubated overnight (16–24 h) at 
37 °C. Longer incubations or storage of plates at 4 °C (after 37°C overnight 
incubation) may be used to facilitate blue color development. White colonies 
generally contain inserts; however, inserts may also be present in blue colonies. 
Size screening of E. coli transformants 
The transformants were rapidly screened for the presence of insert by colony 
PCR, as described in earlier, except that the template used was a single colony instead 
of purified DNA. The size of the inserts was ascertained by running the colony PCR 
products on 1% agarose alongside an appropriate DNA marker. Plasmids extracted 
from selected transformants (based on colony PCR) were further checked for the 
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presence of insert by digesting 1 µg of plasmid DNA with appropriate restriction 
enzymes (EcoRI in case the vector used for cloning was pGEMT easy and defined 
restriction enzymes in case of directional cloning). 
Expression and harvesting of protein from E. coli BL21 (DE3) 
A single colony of E. coli BL21 (DE3) harbouring plasmid pET28a(+) with 
the gene to be expressed was inoculated into 10 ml LB broth containing kanamycin at 
50 μgml-1 and grown overnight. 1% (0.1 ml) of the grown culture was re-inoculated 
into 100 ml of fresh LB-kanamycin broth and grown for 2-3 h (or till OD600 equals 
0.6). The log phase culture was induced with IPTG at 1mM and samples were 
collected at 0, 1, 2, 3, 4 and 16 h of induction. SDS- PAGE was performed to zero 
down the interval with maximum protein production following IPTG induction.  
For the extraction of proteins, the selected clones were grown as described for 
the time period that showed maximum induction of desired protein. Culture 
supernatants and pellets were used for extraction of Vip3 and Cry classes of proteins, 
respectively. All steps following incubation were performed at 4 ºC to minimize 
proteolysis. After growing the culture for desired time period, it was centrifuged at 
1000×g for 2 min and the supernatant was discarded (extraction and purification of 
Vip3 proteins involves different procedure as described in chapters IV and V). The 
pellets thus obtained were washed twice with cold 0.1 M NaCl, followed by washing 
the pellets twice with sterile ddH2O. The pellets were resuspended in solubilization 
buffer (pH 10.3), two of the components viz. lysozyme (20 μgml-1) and PMSF (2 mM) 
were added freshly at the time of use. The suspension was incubated at 37 °C for 1 h 
with regular mixing at intervals. In order to release crystals from cells, the suspension 
was sonicated twice, for 5 min each time, using a Sonifier 250 with a 7 mm diameter 
probe (set at 40 W). The mixture was centrifuged at 10000×g for 20 min and the 
supernatant was collected and stored at -20 °C for further use. The banding pattern of 
the extracted protein was analysed by 10% SDS-PAGE gel. 
Expression and harvesting of protein from B. thuringiensis 
The native and reference strains of B. thuringiensis were grown in 5 ml of T3 
broth and incubated at 30 ºC with shaking at 180 rpm for 72-96 h. The cultures were 
centrifuged at 12000×g at 4 °C for 5 min and pellets were washed once with sterile 
distilled water followed by washing with 1 mMl-1 NaCl containing 5 mMl-1 EDTA. 
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The proteins were solubilized in solubilisation buffer. 5 µl of the supernatants and the 
total reaction mixtures were run on 10% SDS-PAGE gel to check for solubility. 
Estimation of protein concentration 
The total protein concentration of the cell pellet and culture supernatant was 
ascertained using Bradford-protein determination method (Bradford 1976) using 
Double beam UV-Vis spectrophotometer (Electronics Corporation of India Limited, 
India). The Bradford reagent was prepared by dissolving 0.01 g coomassie brilliant 
blue (G-250) in 5 ml of 95% ethanol followed by adding 10 ml of 85% (w/v) 
phosphoric acid and diluting the solution to 100 ml with ddH2O. The solution was 
filtered through Whatman no.1 prior to use. The concentration of the extracted 
proteins was estimated by preparing five dilutions each of the protein to be quantified 
and BSA (0.1-2 mgml-1) as standard. 0.1 ml of each standard and selected samples 
were mixed with 5 ml of Bradford reagent and incubated at room temperature for 5 
min. Absorbance was measured at 595 nm for dilutions ranging from 0.1 to 2 mgml-1 
of standard. A calibration curve of the standard protein was obtained and used to 
determine the total protein concentration of Bt isolates and recombinant E. coli. 
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 
Electrophoresis using discontinuous 10% SDS-PAGE was performed under 
reducing conditions on a vertical electrophoresis unit (Mini-protean tetra cell 
electrophoresis system, Biorad, USA) according to Laemmli (1970) with 
modifications. The gel slab consisted of upper stacking gel to concentrate the proteins 
in the sample and a lower resolving gel for size based separation of proteins. The 
resolving gel was cast first using 30 ml of solution containing 10 ml acrylamide mix, 
7.5 ml 1.5 M Tris-HCl (pH 8.8), 0.3 ml of 10% SDS, 11.9 ml ddH2O, 0.3 10% APS, 
12 μl TEMED, the gel was overlaid with a thin layer of iso-butanol to prevent 
oxidation and allowed to polymerise at room temperature for 20 min. Following 
solidification, the iso-butanol was drained and traces were removed by washing with 
ddH2O. The stacking gel was cast on top of the resolving gel using 10 ml solution 
containing 1.7 ml acrylamide mix, 1.25 ml of 1 M Tris-HCl (6.8), 100 μl of 10% 
SDS, 6.84 ml ddH2O, 100 μl of 10 % APS, 10 μl TEMED. Immediately, after pouring 
the comb was placed above the stacking gel, overlaid with iso-butanol and allowed to 
solidify for 20 min at room temperature. Samples containing the 15 µl suspensions of 
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Bt native and standard strains were diluted with sample buffer (containing tracker 
dye) and heated at 100 ºC for 10 min in a thermal cycler before loading alongside 
molecular weight standard (PageRuler Prestained Protein Ladder, Thermofisher 
scientific, USA). Electrophoresis was carried out at 4 v/cm for stacking gel and 15 v/ 
cm for resolving gel until the tracker dye reached the bottom of the gel. The gel was 
immersed in a staining solution for 1 h with gentle shaking on a rocker. The gel was 
destained overnight in destaining solution with gentle shaking on a rocker until a clear 
background was observed. 
Western blot 
After separating the proteins by SDS-PAGE, the gels were electroblotted using wet 
transfer apparatus (Mini Trans-Blot Cell, Biorad) in transfer buffer containing 25 mM 
Tris base and 190 mM glycine for 16 h at 15 volts onto polyvinylidene fluoride 
(PVDF) membrane (BioRad) pre-wetted in methanol. The PVDF membranes were 
incubated in blocking buffer 5% BSA in TSW (10 mM Tris-Cl, 0.9% NaCl, 0.1% 
Tritox X, 0.02% SDS) for 1 h in rocker at room temperature followed by incubation 
with primary antibody anti His, 1:4000 in TSW (Applied Biological Materials, 
Canada). After washing the membrane 3 times (10 min per wash) with TSW, it was 
incubated with secondary antibody anti-goat IgG alkaline phosphatase conjugate, 
1:4000 in TSW for 1 h in rocker at room temperature. After washing 3 times (10 min 
per wash) with TSW, the membrane was incubated with chromogenic substrate 5-
bromo-4-chloro-3-indolyl phosphate-Nitro blue tetrazolium tablets (Sigma Fast 
BCIP/NBT, Sigma, USA) as alkaline phosphatase substrate. The samples were 
declared positive, if the characteristic banding pattern of the particular protein was 
observed. 
Preparation of insect diet 
The artificial diet used for rearing of H. armigera larvae consists of two components 
i-e A and B. 
Component A 
Chick pea powder       :115 g 
Yeast extract        :20 g 
Casein         :10 g 
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Methyl-p-hydroxy benzoate      :2 g 
Sorbic acid        :0.5 g 
Formaldehyde        :1 ml 
Cholesterol        :0.115 g 
Agar         :12 g 
ddH2O         :700 ml 
Initially chick pea was soaked in water overnight and ground to fine powder, the 
remaining ingredients were added and the mixture was autoclaved. 
Component B 
Ascorbic acid        :2.6 g 
Streptomycin sulphate      :0.1 g 
Multivitamin mix       :1 g 
Vitamin E        :0.06 g 
ddH2O         :20 ml 
The components were allowed to dissolve and sterilized by filtration. Component B 
was aseptically added to the component A (precooled to 55 °C after autoclaving) and 
mixed by swirling. The diet was then dispensed in cups (for larval rearing) and tissue 
culture plates (for performing bioassay experiments) and store at 4 °C for further use. 
Maintenance of H. armigera populations 
Eggs of H. armigera were allowed to hatch initially on chick pea leaves placed in 
glass beakers (upto 10 generations) and subsequently on 20 ml of artificial diet in 
plastic cups covered with cotton cloth. The containers were placed at 25 °C and 40-
60% relative humidity with 16 h photoperiod. The neonates (24 h after hatching) after 
reaching 1st instar (3-6 h after molting) were separated and reared individually in cups 
till they reached 6th instar (12-24 h after molting). Once the larvae reached 6th instar 
and stopped feeding they were transferred to containers containing sterile sand to 
facilitate their pupation. The larva borrowed deep into the sand and metamorphosed 
into pupae which were later transferred to a large beaker covered with cotton cloth for 
aeration until adults emerge. The emerging adults were fed with 10% honey in water, 
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the adults laid eggs on the paper strips kept inside the beaker as well as on the inner 
side of cloth. 
Bioassay of the expressed/ spore crystal proteins 
Bioassay of the expressed proteins (in E. coli) and native (Bt) proteins were 
performed by either of the two methods, viz. surface contamination or by diet 
incorporation. The surface contamination was conducted as described by Beegle 
(1990) and Ferre et al. (1991) with modifications. Individual petri plates (60 x 15cm) 
(Himedia, India) and 24-well Falcon tissue culture plates (Fischer scientific, USA) 
were used to perform bioassays, 4-6 dilutions of the toxin were used for each protein ( 
recombinant or native) and water or dilution buffer was used as negative control. 50 
μl aliquots of toxin or control was evenly applied to the surface of the artificial diet 
and allowed to dry before addition of the insect larvae. The diet incorporation was 
performed as described by Dulmage et al. (1971) and Beegle (1990). Before addition 
of the toxin, the water content of the artificial diet was decreased by 10%, the toxin 
solution was mixed with the molten diet at 55–60 °C at a ratio of 1: 9. The control diet 
was prepared with addition of equal amount of water/dilution buffer to that of toxin. 
About 3 ml of diet was poured into each petri plate. In both the methods, one 2nd 
instar larva was added to each well, 24 larvae were tested for each dilution and assay 
was repeated 3 times. After 3/7 days at 25 °C, larvae were scored as dead if they 
failed to respond to gentle probing. 
Analysis of mortality data 
In case the control group mortality exceeded 20%, the data was not taken into 
consideration. While as if the control mortality was between 5% and 20%, the results 
of the treated samples were corrected using Abbott’s formula.  
 
Where;  
Pt = corrected mortality (%);  
Po = observed mortality (%); and  
Pc= control mortality (%):  
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LC50 was estimated by probit analysis using the IBM SPSS Statistics software (IBM 
Corporation, New York). Samples for which the 95% confidence intervals did not 
overlap were considered to be significantly different. The relative toxicities were 
calculated by comparing the mortality of the native isolates to that of standard strains. 
Comparative genome analysis between B. thuringiensis JK37 and B. 
thuringiensis HD1 using suppression subtractive hybridization (SSH)  
SSH works on the principle that one genome presumed to contain additional genes 
(the driver) is hybridized to the other genome (the tester) in order to deduct the 
similarities and augment the differences existing between them. The differences can 
be amplified by PCR, cloned and sequenced to annotate them. The genomic DNA was 
extracted as described earlier and SSH procedure was essentially performed in 
accordance to the PCR-select Bacterial genome subtraction kit (Clontech, USA) 
manufacturer’s instructions with certain modifications as described in chapter VI 
Bioinformatics analysis 
The sequencing data was analysed using programs Vecsreen, Bioedit 7.2.0, MEGA 
6.0, iAssembler (version: v1.3.2). FASTA (Pearson and Lipman, 1988) and BLAST 
(Altschul et al. 1997) were used to search similarity between the obtained nucleotide 
sequences and the sequences available in the public domain. Further, blastx results 
were fetched in to Blast2GO program to find more descriptors like conserved domain, 
family and biological pathway for these contigs (Conesa and Gotz 2008). 
Preparation of important buffers and solutions 
Coomassie stain (Staining solution): 0.1% (w/v) Coomassie brilliant blue R250, 
40% (v/v) methanol, 10% (v/v) acetic acid. 
Coomassie destain (Destaining solution): 40% (v/v) methanol, 10% (v/v) acetic 
acid. 
Lowry solution: 2% (w/v) Na2CO3, 0.1 M NaOH, 0.02% (w/v) sodium tartrate, 
0.01% (w/v) cupric sulphate. 
Ammonium persulfate (APS): 10% (w/v) solution of APS was prepared in ddH2O 
and stored at 4 °C. APS decays slowly in solutions, so it is advisable to use freshly 
prepared solutions or replace stock solutions every week. 
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SDS solution: 10% (w/v) solution was prepared by dissolving 10 g of SDS powder in 
80 ml ddH2O, the mixture was heated in water bath at 55 °C and final volume was 
made to 100 ml with ddH2O. 
Acrylamide mix: 30% (w/v) solution was prepared by dissolving 29 g of acrylamide 
and 1 g of bis-acrylamide in 70 ml of ddH2O. The volume of the solution was made to 
100 ml using ddH2O and the solution was filter sterilized by passing through 0.45 µm 
syringe filter. 
Phosphate buffer saline (PBS): 137mM NaCl, 2.7mM KCl, 10 mM Na2HPO4, 2Mm 
KH2PO4, pH 7.4 
5X SDS-PAGE running buffer: 1.9 M glycine, 250 mM Tris-HCL, pH 8.0, 0.5% 
(w/v) SDS. 
2X SDS-PAGE sample buffer: 100 mM Tris-HCL, pH 6.8, 4% (w/v) SDS, 20 (v/v) 
glycerol, 0.2% (w/v) bromophenol blue, 200 mM DTT (β-mercaptoethanol). 
Carbonate buffer: 
Solution A: 0.5 M sodium bicarbonate (NaHCO3 MW = 84.0) (MW = molecular 
weight) Solution B: 0.5 M sodium carbonate, decahydrate (Na2CO3•10 H2O FW = 
286.2) (FW = formula weight). To create 100 ml of a 0.5 M bicarbonate buffer 
solution (pH 10.3 at 37 °C) , mix 20 ml of solution A and 80 ml of solution B. 
Solubilisation buffer: 50 mM carbonate buffer, 150 mM NaCl, 100 mM EDTA, 
lysozyme (20 mgml-1), 2 mM PMSF, 10 mM DTT, pH 10.3. 
All buffers and solutions were prepared with double distilled autoclaved water and 
diluted to make working solutions at the time of use. 
2.1.7 Solutions for DNA manipulation 
6X loading buffer: 10mM Tris-HCl (pH 7.6), 0.03% bromophenol blue, 0.03% 
xylene cyanol FF, 60% glycerol, 60mM EDTA. 
5X TBE buffer: 0.45M Tris (pH 7.5), 0.45 M boric acid, 10 mM EDTA (pH 8.0) 
TE buffer: 10 mM Tris (pH 8.0), 1 mM EDTA (pH 8.0) 
0.1 M IPTG: 0.238 g in 10 ml of ddH2O, filter sterilize, store at -20 °C, the final 
concentration to be used in the agar medium is 0.1 mM 
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X-gal: 20 mgml-1 in DMSO or dimethyl formamide, store at -20 °C, the final 
concentration to be used in the agar medium is 40 µgml-1. 
0.5 M EDTA (pH 8.0): 
186.1 g of disodium EDTA (Na2EDTA) 600 ml of ddH2O, adjust the pH to 8.0 with 
NaOH. Bring volume to 1 L with ddH2O stir vigorously on a magnetic stirrer, sterilize 
by autoclaving store at room temperature, the disodium salt of EDTA dissolves 
completely only when pH of the solution is adjusted to 8.0 by the addition of NaOH. 
1M Tris (pH 8.0): 121 g Tris Base (TRIZMA), 700 ml ddH2O, Add concentrated 
HCl to desired pH: pH 8.0: 42 ml, Fill up to volume 1 L with ddH2O. Sterilize by 
autoclaving for 20 minutes on liquid setting. Store at room temperature. 
50X TAE buffer: 242 g Tris Base (MW=121.1), 57.1 ml Glacial Acetic Acid, 100 ml 
0.5 M EDTA, Adjust the final volume to 1 liter with ddH2O. 
1X TAE: 40 mM Tris (pH 7.6), 20 mM acetic acid, 1 mM EDTA. 
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Table 1. B. thuringiensis reference strains used in the study 
 
Table 2. Escherichia coli strains used for cloning 
 
 
 
B. thuringiensis 
subsp. 
BGSC 
No. 
Original 
Code 
Description Source 
kurstaki 4D1 HD1  Wild type, isolated in USA  
Dr. Daniel R. 
Zeigler, The 
Bacillus Genetic 
Stock Center, 
Ohio State 
University, USA 
kurstaki 4D5 HD164 Wild type 
entomocidus 4I1 HD10 Isolated in Canada from 
Plodia interpunctella; 
biotype subtoxicus 
aizawai 4J3 HD133 Isolated in England from 
Plodia interpunctella 
israelensis  4Q1 HD567 
(ONR60A) 
Isolated in Israel from 
Culicidae larvae 
morrisoni 4AA1 tenebrionis Biovar  tenebrionis 
Strain 
designation 
Relevant Genetic Markers Source 
DH5α F-Φ80lacZΔM15 Δ(lacZYA-argF) 
U169 recA1 endA1 hsdR17 (Rk-, 
mK+) phoA supE44 λ-thi-1 gyrA96 relA1  
Bethesda Research 
Laboratories, USA 
BL21 DE3 F-ompT gal dcm lon hsdSB(rB
- mB
-) λ(DE3 [lacI 
lacUV5-T7 gene 1 ind1 sam7 nin5])  
Novagen, USA 
ElectroMAX 
DH10B 
(F-mcrAΔ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 
ΔlacX74 recA1 endA1 araD139 Δ(ara, leu)7697 
galU galK λ-rpsL nupG) 
Invitrogen, USA 
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Introduction 
The escalating public concern, stringent environmental regulations, and build-
up of resistant insect populations to synthetic pesticides have led to an increased 
interest in alternative eco-friendly pest control strategies. One of the most successful 
substitutes to the man-made pesticides is the use of entomopathogenic bacterium, 
Bacillus thuringiensis (Bt). The entomopathogenic potential of Bt is primarily due to 
its ability to synthesize during sporulation crystalline proteins, Cry and Cyt, encoded 
by cry and cyt genes respectively (Schnepf et al. 1998). Upto June 2015, seventy four 
classes of Cry proteins (Cry1-Cry74) and three classes of Cyt proteins (Cyt1-Cyt3) 
have been designated based on their amino acid sequence homology (Crickmore et al. 
2015). These toxins are highly specific in action, harmless to humans and other 
vertebrates and are biodegradable. The reasons for increased acceptability of Bt over 
synthetic insecticides are due to the non-selective deleterious effects of chemicals 
(Moser and Obrycki 2009; Kristoff et al. 2010; Shah and Iqbal 2010; Eriksson and 
Wiktelius 2011; Stevens et al. 2011) and the emergence of resistance in insect pests 
against the synthetic insecticides (Ahmad et al. 2008). For the said reasons, 
continuous efforts are being made to isolate novel B. thuringiensis strains with 
distinctive host range or higher toxicity potential.  
The presence of Bt has been extensively studied in different ecological 
habitats such as soil, stored product dust, dead insects, food grains, phyllosphere, and 
aquatic environments (Martin and Travers 1989; Meadows et al. 1992; Bel et al. 
1997; Ben-Dov et al. 1997; Bravo et al. 1998; Iriarte et al. 1998). Diversity of B. 
thuringiensis from different regions of India have been studied earlier (Kaur and 
Singh 2000; Prabagaran et al. 2002; Katara et al. 2013; Patel et al. 2013). However, 
there has been no report on such studies in the North-Western Himalayan region. The 
variations in topographical features along longitude, latitude and altitude of the region 
create climatic variations resulting in unique and rich biodiversity (Ray et al. 2011), 
thereby making North-Western Himalayan region a critical biodiversity hotspots of 
the world. These distinctive features and diversity of insects in the region provide an 
opportunity for prospecting novel B. thuringiensis strains with novel combinations of 
crystalline protein coding genes having wide insecticidal spectrum. Various methods 
such as polymerase chain reaction (PCR), southern blotting, protein profiling, 
serotyping and bioassay have been employed for the characterization of B. 
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thuringiensis strains and their crystalline protein encoding genes; among all, PCR-
based methods have been proved to be the most efficient in terms of rapidity in large 
scale screening programs (Porcar and Juarez-Perez 2003). In this study, combination 
of three methods viz. PCR, protein profiling and insect bioassay were used to 
characterize the B. thuringiensis collection. 
The aim of this study was to isolate potentially toxic B. thuringiensis strains 
from North-Western Himalayas, which represent one of the hotspots of biodiversity. 
The strains are characterized based on the presence of protein crystals, SDS-PAGE 
analysis, PCR analysis to identify different cry and cyt gene combinations and toxicity 
screening against Helicoverpa armigera. The type of cry/cyt genes present in a 
particular strain defines their host range, so the strains harbouring several types of 
cry/cyt can be predicted to have a wider spectrum or additive activity. Such studies 
are useful in understanding the distribution of cry and cyt genes and may lead to 
identification of broad spectrum and effective isolates for the control of various insect 
pests. 
Materials and Methods 
Sample Collection, Isolation of B. thuringiensis, and Crystal characterization 
A total of 89 strains were analysed in this study which were isolated from 207 
soil samples, collected from three zones consisting of ten locations of North-Western 
Himalayas. Sites with no history of use of Bt or its products were selected (Table 1). 
Isolation of Bt was done by enrichment using acetate selection as described by 
Travers et al. (1987) (chapter II). Following acetate selection, isolates that tested 
positive for growth on Luria Bertani medium amended with penicillin at a 
concentration of 10 µgml-1 were examined for the presence of parasporal crystals 
(Ohba and Aizaw 1986; Yang et al. 2000). The different stages of bacterial growth 
were analysed by Scanning Electron Microscopy (SEM), Bt crystals were 
characterized using phase contrast microscopy and the shape of crystals was 
confirmed by SEM (chapter II). Bt index was calculated as described by Baig et al. 
(2010). 
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Standard Bacterial strains 
Four standard B. thuringiensis (Bt) strains; Bt. subsp. kurstaki (BGSC 4D1), 
Bt. subsp. aizawai (BGSC 4J3), Bt. subsp. israelensis (BGSC 4Q1) and Bt. subsp. 
Morrisoni biovar. tenebrionis (BGSC 4AA1) were kindly provided by Dr. Daniel R. 
Zeigler from the Bacillus Genetic Stock Center (Ohio, USA). These strains were used 
as reference wherever required. 
PCR Analysis of crystalline protein genes 
DNA template was prepared by lysis precipitation (Rampersad and Ammons 
2005). All primer pairs used for detection of cry and cyt gene families (cry1, cry2, 
cry3, cry4, cry7, cry8, cry11, cyt1, cyt2) have already been documented. Table 2 
shows sequences of all primers used in the study, their source, expected amplicon 
sizes, optimal annealing temperatures and respective positive control DNA used. For 
detection of crystalline protein gene combinations, all the native B. thuringiensis 
isolates were subjected to PCR analysis. PCR was performed in an Eppendorf 
Mastercycler and amplification conditions were as follows: an initial denaturation at 
94 oC for 5 min, followed by 30 cycles of denaturation at 94 oC for 60 s, annealing at 
variable temperature depending on the primer pair (Table 2) for 60 s, and extension at 
72 oC for 60 to 90s (depending on the expected size of amplicon), and a final 
extension step at 72 oC for 10 min. Isolates showing the presence of lepidopteran 
specific cry1 and cry2 genes were further screened using cry1 (cry1Aa, cry1Ab, 
cry1Ac, cry1Ad, cry1B, cry1C, cry1D, cry1E, cry1F, cry1G) and cry2 (cry2Aa, 
cry2Ab, cry2Ac) subfamily primers, respectively. 
Protein Profiling of B. thuringiensis isolates 
The purpose of protein analysis was to select isolates exhibiting distinct 
protein profiles and to characterize each strain of B. thuringiensis collection. All the 
native B. thuringiensis isolates and reference strain (Bt HD1) were grown in T3 broth 
for 72 h at 30 °C, the cultures were pelleted by centrifugation at 12000×g at 4 °C for 5 
min and pellets were washed once with sterile distilled water followed by washing 
with 1 mMl-1 NaCl containing 5 mMl-1 EDTA. Protein composition of spore-crystal 
mixtures was analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE), as previously described (Laemmli 1970). 
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Helicoverpa culture  
Helicoverpa armigera  larvae were initially maintained on natural diet 
consisting of chick pea leaves and pods upto 2nd generation and the subsequent 
generations were reared on artificial diet consisting of gl-1/mll-1 pollen (15), soy flour 
(86), wheat germ (60), yeast extract (50), ascorbic acid (3), nipagin (3), sorbic acid 
(1), sunflower oil (5), and agar (12) in water. During oviposition, H. armigera adults 
were provided with 5% (w/v) honey solution. Larvae were maintained upto ten 
generations before proceeding with bioassay experiments. Both rearing and bioassays 
were carried out at 25 oC, 50 ± 10% relative humidity, with 14 h photoperiod (Teakle 
and Jensen 1985). 
Bioassay 
Mass screening of B. thuringiensis collection for toxicity against H. armigera 
was performed using relatively higher concentration (1 mgml-1) of spore crystal 
mixtures. All the B. thuringiensis strains were cultured in 50 ml CCY medium 
(Stewart et al. 1981) for 72-96 h at 30 oC, optimal crystal formation was checked by 
phase contrast microscopy. The cells were harvested by centrifugation at 9000×g for 
10 min, the pellet obtained was washed twice with cold 1M NaCl and twice with cold 
sterile distilled water. The wet and dry weight of final pellet (spore-crystal, mixture) 
was determined and stored at -20 °C until bioassay (Baig et al. 2010). The density of 
bacterial doses was optimized on cry1Ac harbouring positive control strain of Bt HD-
1. All steps were carried out at 4 oC to limit proteolysis. Second instar larvae of H. 
armigera were used for bioassay by diet incorporation method (Song et al. 2003). The 
conditions for bioassay were as mentioned above, 10 larvae per treatment were used. 
In the control group, the culture was substituted with sterile distilled water. Mortality 
was recorded after 7 days, larvae were scored as dead if they failed to respond to 
gentle probing, Bt HD1 was used as positive control for bioassays. Isolates showing 
94-99% mortality in the preliminary bioassay screening were subjected to more 
precise bioassays using six concentrations (50 µgml-1 to 800 µgml-1) of spore-crystal 
mixtures. Each dose was thoroughly mixed in 3 ml of artificial diet prior to 
solidification and poured into wells.  Twenty four 2nd instar larvae per treatment were 
used, and experiment was set in triplicate making total number of larvae tested per 
treatment to seventy two. Mortality observed was corrected to control mortality by 
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Abbott’s formula (Abbott 1925). The mean 50% lethal concentration (LC50) was 
determined by probit analysis using the software SPSS version 19.0. for windows. 
Results 
Bacillus thuringiensis phenotypic characterization 
Eighty nine Bacillus strains were isolated by applying acetate-penicillin 
selection methodology to 207 soil samples collected from 10 different regions 
representing 3 different environments of North-Western Himalayas (Table 1).  Fifty 
six isolates were found to synthesize crystal protein during sporulation by phase 
contrast microscopy, the parasporal crystals were differentiated from the endospores 
by appearing as dark particles in contrast to endospores which appeared bright. The 
cell shape of B. thuringiensis was recorded at different stages of growth (Fig. 1). 
Parasporal crystals were classified into four morphological classes based on SEM 
observations (Fig. 2); bipyramidal, spherical, cuboidal and irregular types. B. 
thuringiensis was successfully isolated from all types of samples, recovery was 
highest from forest soils (0.76) followed by plain agricultural soils (0.62) and the least 
from lake sediments (0.25) (Table 1). The average Bt index of the study was 0.62 
(Table 1), (Bt index: ratio between number of B. thuringiensis colonies and total 
number of sporulating colonies examined). 
Molecular characterization  
The collection of B. thuringiensis strains was characterized by assessing the 
number and type of cry and or cyt genes (PCR analysis) and the number and size of 
Cry and/or Cyt protein bands (SDS-PAGE analysis). 
cry/cyt gene content 
PCR screening using 8 pairs of specific primers was performed to detect 7 cry 
and 2 cyt gene families in our collection (Table 2). Primers for the detection of cry1, 
cry2, cry3, cry4, cry7, 8, cry11, cyt1, cyt2 showed successful amplification as 
indicated by their specific product sizes of 1500, 701, 589, 439, 420, 445, 477 and 
355 bp, respectively on agarose gel electrophoresis. Thirty nine isolates of the 
collection were found to be positive for the presence of cry/cyt genes tested, 
harbouring either single or combination of these genes. In the present study, strains 
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containing cry1 were the most abundant (57.1%) followed by cyt2 (46.42 %), cry11 
(37.5%), cry2 (28.57%), cry4 (21.42%), cyt1 (19.64%), cry3 (8.9%), cry7, 8 (7.14%) 
and 30.35% of the strains did not react with any of the primers tested (Fig. 3a). 4 
(10.24%) of the isolates carried single cry/cyt gene, whereas 7 (17.94%) isolates had 
combination of two, 9 (23.07%) isolates had combination of three, 13 (33.33%) 
isolates had combination of four and 6 (15.38%) isolates harboured combination of 
five cry/cyt genes (Fig. 3b). The isolates harbouring single gene showed equal 
dominance of cry1 and cyt2 (5.12% each), all the remaining genes were found in 
combination with other cry/cyt genes. Isolates harbouring two genes showed 2 
different combinations consisting of cry1 + cyt2 (15.38%) and cry3 + cry7, 8 (2.56%) 
(Fig. 3b, Table 3). Isolates harbouring three genes showed 8 different combinations 
consisting of cry1 + cry2 + cry11 (2.56%), cry4 + cry11 + cyt2 (5.12%), cry1 + cry4 
+ cyt1 (2.56%), cry4 + cry11 + cyt1 (2.56%), cry2 + cry11 + cyt1 (2.56%), cry1 + 
cry3 + cry7, 8 (2.56%), cry1 + cry2 + cyt2 (2.56%), cry1 + cry2 + cry7, 8 (2.56%); 
within the group cry1 is common in 5 of the eight combinations, while, cry2 and 
cry11 in 4 combinations (Fig. 3b, Table 3). Isolates harbouring four genes showed 7 
different combinations consisting of cry1 + cry3 + cry7, 8 + cyt2 (2.56%), cry1 + 
cry11 + cyt1 + cyt2 (2.56%), cry1 + cry2 + cry3 + cry4 (2.56%), cry1 + cry4 + cry11 
+ cyt2 (10.25%), cry1 + cry2 + cry11 + cyt1 (7.69%), cry1 + cry2 + cry11 + cyt2 
(5.12%), cry1 + cry2 + cry3 + cyt2 (2.56%); within the group cry1 was found in all 
the combinations, cyt2 was found in 5 of the 7 combinations and cry2, cry11 in 4 
combinations (Fig. 3b, Table 3). Isolates harbouring five genes showed 4 different 
combinations consisting of cry1 + cry2 + cry11 + cyt1 + cyt2 (7.69%), cry1 + cry2 + 
cry4 + cry11 + cyt2 (5.12%), cry1 + cry4 + cry11 + cyt1 + cyt2 (5.12%), cry1 + cry2 
+ cry4 + cry11 + cyt2 (5.12%); within the group cry1, cry11 and cyt2 were found in 
all the combinations, cry2 and cry4 in 3 of the 4 combinations (Fig. 3b; Table 3). 
Isolates harbouring cry1 and cry2 genes were further characterized by 
detection of the secondary rank of these genes using several sets of primers (Table 2). 
Both cry1 and cry2 harbouring isolates showed presence of different subtype genes. 
Two isolates showed combination of three cry1, ten isolates had combination of two 
cry1 genes and five isolates showed presence of only one cry1-subtype gene. cry1Ac 
was the most abundant constituting 34.3%, followed by cry1Aa (31.25%), cry1Ab 
(15.62%), cry1C (6.25%), cry1D (3.12%) and cry1E (3.12%) of the cry1-postive 
Chapter -III 
64 
 
isolates (Fig. 3c). Among the cry2-subtypes genes tested cry2Aa was the most 
predominant, observed in 43.75%, followed by cry2Ab observed in 31.25% of the 
cry2-positive isolates (Fig. 3c). Four cry1 subtype genes, cry1Ad, cry1B, cry1F, 
cry1G and one cry2 subtype, cry2Ac were not amplified in any of the Bt isolates with 
the sets of primers used in this study (Fig. 3c). 
Protein profiling 
SDS-PAGE analysis revealed great diversity with respect to the number and 
size of protein bands observed (Fig. 4), even strains from the same sample showed 
diverse protein profiles (Table 3). Several strains in the collection showed identical 
protein profiles, such strains were considered as duplicate and only one strain per 
profile and sample was selected. The protein profiles of the isolated strains was 
compared to that of B. thuringiensis 4D1, the protein profiles are summarized in 
Table 3. The most common protein profile exhibited several polypeptides ranging in 
molecular mass from 25 kDa to 130 kDa (Fig. 4). Most of the strains (42.8%) showed 
a protein composition resembling that of Lepidoptera-toxic B. thuringiensis subsp. 
kurstaki consisting of two major protein bands of 130 kDa and 65 kDa approximately 
(Fig. 4 Lanes 6,7,11). 28.5% of the isolates showed the presence of major polypeptide 
of 65-70 kDa resembling Diptera toxic B. thuringiensis subsp. israelensis (Fig. 4 Lane 
10) while 14.28% isolates represented a unique profile consisting of major 
polypeptides of 110 kDa and 30 kDa (Fig. 4 Lanes 2-4). Majority of the isolates 
showed the presence of a number of polypeptides of approximately 70 kDa (Fig. 4) 
and 35-55 kDa. Two polypeptides between 25-35 kDa were consistently observed in 
all the B. thuringiensis isolates including the reference strain. 
Insect bioassay 
Toxicity screening against H. armigera was conducted in parallel to the PCR 
analysis, therefore, all the 56 B. thuringiensis strains of our collection were subject to 
bioassays. Concentrated spore crystal suspensions (1000 µgml-1) were used for initial 
toxicity screening. Barring four isolates (JK12, JK22, JK48, JK72), which killed 94-
99% of Helicoverpa larvae within 7 days, preliminary screening revealed different 
levels of toxicity among the isolates with mortality ranging from 0-99% (Fig. 5). 
These potentially toxic isolates were subjected to additional bioassays to determine 
the LC50 concentrations, using B. thuringiensis kurstaki (HD1) as positive control. 
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The LC50 values of native isolates ranged from 184.625 to 259.937 µgml
-1, while as 
that of HD1 was 195.323 µgml-1. The negative control assays did not show any 
mortality. Although LC50 of all the native isolates was comparable to that of HD1, 
JK12 was found to be the most potent, showing least LC50 (184.625 µgml
-1) as 
compared to all the native isolates and to the positive control (HD1) (Table 4). 
Discussion 
In the Bacillus cereus group, the presence of a parasporal inclusion body is the 
single most discriminatory criterion for the identification of isolates in the species B. 
thuringiensis (Soufiane et al. 2013). Based on the presence of parasporal crystals, 56 
Bacilli out of 89 strains were classified as B. thuringiensis. The results revealed that 
B. thuringiensis was ubiquitously distributed in the soils of North-Western Himalayas 
tested with no history of Bt application. However, Bt index (the estimation of the 
success of Bt isolation) varied in samples collected from different regions. The 
average Bt index recorded in the study was 0.62, which means that 62% of the 
sporulating colonies examined showed presence of crystals. The average is higher 
compared to some previous isolation programs (less than 0.1 to 0.52) (Chak et al. 
1994; Bravo et al. 1998; Hernandez et al. 2005; Vidal-Quist et al. 2009), lower 
compared to that observed (0.85) by Martin and Traverse (1989) and similar to that 
observed (0.6 to 0.7) by Obeidat et al. (2004). Lake sediments showed the least Bt 
index (0.25), while forest soils showed the highest Bt index (0.76) (Table 1). It is 
difficult to assess the likely reason for the differences in Bt index values, but the 
sampling size, difference in geomorphology of the region, complex interaction 
between the bacterium and its insect host could influence their numbers in a particular 
environment. Predominance of bipyramidal and round crystal shapes observed in this 
study corroborates with the previous reports (Jara et al. 2006; Vidal-Quist et al. 2009). 
PCR based identification of cry genes was introduced by Carozzi et al. (1991) 
to predict insecticidal activity of B. thuringiensis strains and has become popular tool 
for the large scale screening of B. thuringiensis collections for the presence of 
insecticidal genes. In this study, different cry and cyt gene profiles have been 
detected, prevalence of cry1 was found to be the most abundant followed by cyt2, 
cry11, cry2, cry4, cyt1, cry3 and cry7, 8. The frequency of genes observed was in 
accordance with the frequency reported by Bravo et al. (1998); Porcar and Juarez-
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Perez (2003); Baig and Mehnaz (2010), all of whom reported predominance of cry1 
genes and differed from that observed by Ben-Dov et al. (1997); Pinto and Fiuza 
(2003); Baig et al. (2010) and Mendoza et al. (2012); who reported predominance of 
cry4, cry9, cry4 and cry2 genes respectively. The data indicate the difference in the 
diversity of different crystalline protein coding genes in B. thuringiensis of different 
geographic regions. Only 4 isolates showed the presence of single gene, two each 
harbouring cry1 and cyt2, all remaining positive strains showed presence of cry/cyt 
genes in combinations (Fig. 3b). The most frequent combinations observed consisted 
of lepidopteran specific cry1 with dipteran specific cry2, cry4, cry11 and cyt2 genes, 
less frequent combinations included lepidopteran specific cry1 with dipteran specific 
cry2, cry4 and coleopteran specific cry3 genes (Fig. 3b). Strains containing presence 
of inter group crystalline protein coding genes are ideal candidates for the 
development of broad spectrum biocontrol agents. Other researchers have reported 
different combinations of cry genes in the same Bt strains, cry3 and cry7 or cry9 
(Aronson 1993; Ben-Dov et al. 1997), cry1, cry3A, cry3B and cry7A (Bravo et al. 
1998). Presence of more than one cry and or cyt genes in these isolates suggests that 
they have high frequency of genetic information exchange. Among the genes 
identified in this study, cry1, cry2, encode lepidopteran specific toxins; cry2, cry4, 
cry11, cyt1, cyt2, encode dipteran specific toxins and cry3, cry7, 8 encode coleopteran 
specific toxins. As a result, 33, 26 and 6 strains of our collection are at least 
theoretically toxic to lepidopteran, dipteran and coleopteran pests respectively. 
Among the cry1 gene sub-types tested in this study, cry1Ac was the most 
predominant (34.37%) followed by cry1Aa (31.25%) and cry1Ab (15.62%) of the 
cry1 harbouring isolates. cry1Ad, cry1B, cry1F, cry1G genes were not observed in 
any of the cry1 harbouring isolates and 46.87% of the cry1 gene harbouring isolates 
did not show amplification of any cry1 subtypes tested suggesting that these isolates 
may contain other cry1 subtype genes not tested in this study. Various reports have 
shown high frequency of one or the other subtype of cry1 genes, like, Chak et al. 
(1994) reported abundance of cry1A genes while Arrieta et al. (2004) reported 
abundance of cry1D and Baig et al. (2010) found high frequency of cry1K sub-types. 
The cry1 gene harbouring isolates showed the presence of different combinations of 
cry1 subtype genes with cry1Aa-cry1Ac combination constituting 28.15% of the cry1 
gene harbouring isolates (Fig. 3c). Two of the isolates JK33 and JK37 had unique 
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combinations of cry1Aa, cry1Ac, cry1C, and cry1Aa, cry1Ac, cry1E respectively 
(Table 3). 
Among the cry2 subtypes tested the combination of cry2Aa/cry2Ab was the 
most frequent followed by cry2Aa and cry2Ab alone, while cry2Ac was not observed 
in any of the cry2 positive isolates (Fig. 3c), the same pattern of distribution was 
observed in soils of Argentina (Sauka et al. 2005) and China (Liang et al. 2011). 
However, Ben-Dov et al. (1997) observed highest frequency of cry2Ab alone 
followed by cry2Aa/cry2Ab and cry2Ab/ cry2Ac in Bt isolates in samples from Israel, 
Kazakhstan and Uzbekistan. The prevalence of cry2Aa/ cry2Ab gene combination, as 
observed in this study may be commonly found in nature but its biological 
significance is yet to be studied. Of the 17 isolates that did not react with any of the 
primers tested, many showed presence of crystals on microscopy. Although such 
isolates did not show appreciable toxicity against H. armigera, the presence of 
crystals in these isolates suggest that they may harbour insecticidal proteins specific to 
some other target insect. Previous studies have reported varying number of isolates 
producing no PCR product (ranging from 14%-40%) from different geographical 
regions of the world (Bravo et al. 1998; Uribe et al. 2003; Vilas-Boas and Lemos 
2004). These results indicate the presence of numerous isolates harbouring novel and 
unidentified crystalline protein genes throughout the world. The results presented here 
demonstrate that PCR-based approach can be used for systematic, large-scale 
screening of B. thuringiensis isolates to identify known cry/cyt genes and to 
characterize their toxicity. 
SDS-PAGE profiles of the sporulated Bt strains revealed great diversity in our 
isolates (Fig. 4, Table 3), the diverse profiles observed are in accordance with the 
earlier reports (Chak et al. 1994; Jara et al. 2006) and lower compared to others 
(Iriarte et al. 2000; Vidal-Quist et al. 2009). Correspondence of SDS-PAGE profiles 
to the cry/cyt gene profiles detected by PCR however has not been straightforward in 
all the strains. The most likely reasons for this difference are; the strains tested could 
produce endotoxins whose genes are not tested in this study, the protein bands 
observed could be either protoxins, activated toxins, or proteolysis intermediates, the 
same trend has been observed earlier (Mohan and Gujar 2003; Beltrao and Silva-filha 
2007). The most prominent molecular mass polypeptides (130 kDa, 65 kDa) observed 
correspond to the Cry1 and Cry2 proteins respectively (Arango et al. 2002; Armengol 
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et al. 2007; Seifinejad et al. 2008; Bukhari and Shakoori 2010). The lower molecular 
mass polypeptides (35-55 kDa) observed match with the Cyt proteins or digestion 
products of many Cry proteins (Ohgushi et al. 2003; Gough et al. 2005). 
Various bioassay methods like diet incorporation (Dulmage et al. 1971; 
Beegle 1990), surface contamination (Ignoffo 1965) and droplet feeding (Hughes and 
Wood 1981) have been used to obtain lethal concentration (LC) estimates. The first 
two methods are suitable for post-first instar larvae as they are able to fully consume 
small blocks of food, while as the third method is suitable for neonates as their 
transparent body makes it easy to track the colored feeding solution in their gut. In 
this study, diet incorporation method was used against 2nd instar larvae of H. 
armigera, the earlier instar larvae were used as older larvae tend to be more tolerant to 
Bt based pesticides (Sanahuja et al. 2011). The preliminary toxicity screening of Bt 
isolates using higher doses of spore crystal suspensions (1000 µgml-1) revealed that 
these strains exhibit a wide range of toxicity (causing 0-99% mortality) towards 2nd 
instar larvae of H. armigera (Fig. 5). 27% of the isolates causing mortality of 60% or 
above were considered as toxic, among them, four isolates causing (95-100%) 
mortality were considered to be highly toxic and were subjected to detailed toxicity 
analysis to determine their LC50 values. The LC50 values of native isolates observed 
were in the range of 184.625 to 259.937 µgml-1 in comparison to HD1 which showed 
LC50 of 195.323 µgml
-1 (Table 4). 
Strain JK12 was most toxic to H. armigera than any other strain tested in this 
study, there is possibility of synergism between different lepidopteran specific Cry 
proteins in this strain as evidenced by the presence of cry1Aa, cry1Ac, cry2Aa and 
cry2Ab genes on PCR analysis. It must however be noted that mere presence of more 
than one cry genes does not account for additive effect in toxicity as all genes may not 
be expressed simultaneously or even if expressed they may act antagonistically by 
competing for the same binding site in insect gut  as reported earlier (Morse et al. 
2001; Liao et al. 2002). Previous studies have reported pronounced differences in the 
toxicity response of various H. armigera to B. thuringiensis insecticidal proteins 
(Chakrabarti et al. 1998; Liao et al. 2002; Avilla et al. 2005; Bird and Akhurst 2007; 
Ibargutxi et al. 2008). These difference could be result of variation in insecticidal 
genes present, differences in insect strain used and difference in the diet composition 
or bioassay method employed (Avilla et al. 2005; Bird and Akhurst 2007). Therefore, 
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comparison of the toxicity data in different studies must be based on the relative 
toxicity rather than the absolute values of toxicity estimates. Moreover, in order to 
have more realistic estimates of toxicity of a particular strain, many independent 
populations of susceptible insect should be tested, preferably with the same protocols. 
Conclusion 
B. thuringiensis presents great diversity with respect to their crystalline protein 
content and insecticidal activity even in the isolates from same soil sample. The 
diversity and activity might have relationship with the geographical location of the 
samples. An important characteristic observed in this study was the presence of more 
than one cry/cyt genes in many of the isolates, with differences, at least in theory, in 
terms of their host range. Moreover, the presence of cry/cyt genes from different 
groups were also observed in the same strain, suggesting that some of these strains 
(particularly Bt JK12) after proper evaluation against different insect species can be 
developed into broad spectrum biopesticides. Seventeen of the Bt isolates in the 
present study did not interact with the eight pairs of primers tested, and were also not 
toxic to H. armigera. However, presence of crystals in these isolates suggests that 
they may harbour novel cry/cyt genes not tested in this study, hence, their toxicity 
towards other insect species needs to be evaluated. The results of the present study 
confirm the significance of continuous exploration of new Bt stains from different 
ecological regions of the world. 
 
 
 
 
 
 
 
Table 1. Distribution of sample collection sites and recovery of B. thuringiensis 
Geographical areas (North-
Western Himalayas) 
No. of 
samples 
examined 
No. of 
colonies 
obtained 
No. of 
Bacillus like 
isolates 
No. of 
crystalliferous 
Colonies 
Bt 
Indexa 
Agricultural 
land 
Lolab 23 132 14 9 0.64 
 Aru 25 118 13 11 0.84 
 Saripara 15 126 12 8 0.66 
 Urusa 23 118 9 3 0.33 
 Venkra 17 115 8 4 0.50 
Forests Brarinar 28 136 8 8 1.00 
 Afferwat 22 122 7 5 0.71 
 Sonmarg 27 114 4 3 0.75 
 Zanskar 22 128 6 3 0.50 
Lake Sediments Pangkong 5 92 8 2 0.25 
Total 207 1201 89 56 0.62 
a Ratio between number of B. thuringiensis colonies and total number of sporulating colonies examined 
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Table 2. Characteristics of primers and respective reference strains used to detect cry and cyt type genes 
Primer 
Pair  
Sequence (5’ to 3’)  Gene 
recognized  
ATb 
(°C)  
Product 
(bp)  
Source Control 
strain 
cFamily 1  (+)20 mer  5’- MDATYTCTAKRTCTTGACTA-3’  
(-) 20 mer 5’-TRACRHTDDBDGTATTAGAT-3’  
cry1  45  1,500   Juarez-Perez  
 et al. 1997 
BGSC 
4D1 
IA’s  (+) 20 mer 5’-CAATAGTCGTTATAATGATT-3’  cryIA  47  1,720  -do-   
IAa  (+) 20 mer 5’-TTCCCTTTATTTGGGAATGC-3’  cryIAa  47  1,286  -do-   
IAb  (+) 20 mer 5’-CGGATGCTCATAGAGGAGAA-3’  cryIAb  47  1,371  -do-   
IAc  (+) 20 mer 5’-GGAAACTTTCTTTTTAATGG-3’  cryIAc  47  844  -do-   
IAd  (+) 20 mer 5’-ACCCGTACTGATCTCAACTA-3’  cryIAd  47  1,212  -do-   
IB  (+) 20 mer 5’-GGCTACCAATACTTCTATTA-3’  cryIB  47  1,323  -do-   
IC  (+) 20 mer 5’-ATTTAATTTACGTGGTGTTG-3’  cryIC  47  1,176  -do-   
ID  (+) 20 mer 5’-CAGGCCTTGACAATTCAAAT-3’  cryID  47  1,138  -do-   
IE  (+) 20 mer 5’-TAGGGATAAATGTAGTACAG-3’  cryIE  47  1,137  -do-   
IF  (+) 20 mer 5’-GATTTCAGGAAGTGATTCAT-3’  cryIF  47  967  -do-   
IG  (+) 20 mer 5’-GGTTCTCAAAGATCCGTGTA-3’  cryIG  47  1,128  -do-   
UN2 (+) 25 mer 5’-GTTATTCTTAATGCAGATGAATGGG-3’  
(–) 25 mer 5’-CGGATAAAATAATCTGGGAAATAGT-3’ 
cry2  59  701  Ben-Dov et al. 
1997  
BGSC 
4J3 
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EE-2Aa(r)  (–) 21mer 5’- GAGATTAGTCGCCCCTATGAG-3’  cry2Aa1  59  498  -do-   
EE-2Ab(r)  (–) 25 mer 5’-TGGCGTTAACAATGGGGGGAGAAAT-3’  cry2Ab2  59  546  -do-   
EE-2Ac(r)  (–) 24 mer 5’-CGTTGCTAATAGTCCCAACAACA-3’  cry2Ac  59  725  -do-   
Un3  (+)26 mer 5’-CGTTATCGCAGAGAGATGACATTAAC-3’  
(-) 23 mer 5’ CATCTGTTGTTTCTGGAGGCAAT -3’  
cry3  59  589  -do-  BGSC 
4AA1 
Un4  (+) 24 mer 5’-GCATATGATGTAGCGAAACAAGCC- 3’  
(–) 25 mer 5’-GCGTGACATACCCATTTCCAGGTCC- 3’  
cry4 59  439  -do-  BGSC 
4Q1 
Un7,8  (+) 22 mer 5’-AAGCAGTGAATGCCTTGTTTAC-3’  
(–) 19 mer 5’-CTTCTAAACTTGACTACTT-3’  
cry7, cry8  54  420,423  -do-  BGSC 
4AA1 
EE-11A  (+) 20 mer 5’- CCGAACCTACTATTGCGCCA-3’  
(–) 20 mer 5’-CTCCCTGCTAGGATTCCGTC-3’  
cry11A1  59  445  -do- BGSC 
4Q1 
UNcyt1  (+) 24 mer 5’-CCTCAATCAACAGCAAGGGTTATT-3’  
(–) 27 mer 5’-TGCAAACAGGACATTGTATGTGTAATT-3’  
cyt1  52  477  Ibarra et al. 
2003  
BGSC 
4Q1 
UNcyt2  (+) 24 mer 5’-ATTACAAATTGCAAATGGTATTCC-3’  
(– ) 28 mer 5’-TTCAACATCCACAGTAATTTCAAATGC-3’  
cyt2  50  355  -do-  BGSC 
4Q1 
b annealing temperature 
c M = A + C; R = A + G; Y = C + T; B=C or G or T; S=C or G; D = A or G or T; K = G or T; H = A or C or T 
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Table 3. Crystalline protein and gene content of B. thuringiensis isolates 
Isolates Crystal 
shaped 
cry gene profiles Major protein 
bands (kDa) 
Isolates Crystal 
shaped 
cry gene profiles Major protein 
bands (kDa) 
JK3 Bc, Sc, 
Ic, Tc 
cry1C, cry3, cry7,8, 
cyt2 
55, 65, 130 JK40 Bp, Tc cry1, cry11, cyt1, cyt2 65, 130 
JK7 Bc, Sc, 
Ic, Tc 
cry1Aa, cry1Ac, 
cry2Aa, cry2Ab cry11, 
cyt1, cyt2 
55, 65, 70, 130 JK48 Bp, Sc, 
Ic 
cry1Aa, cry1Ac, 
cry2Ab, cry3, cry4 
65, 70, 130 
JK9 Bc, Sc, 
Tc 
cry1Aa, cry1Ab, 
cry2Aa, cry2Ab cry11, 
cyt1, cyt2 
55, 65, 70, 130 JK53 Sc, Tc cry1Ac, cry4, cry11, 
cyt2 
65, 130 
JK10 Tc cyt2 25,28,35 JK55 Bc, Sc cry1, cry2, cry11, cyt1 65, 70, 130 
JK11 Tc cyt2 25,28,35 JK56 Bc cry1, cyt2 65, 130 
JK12 Bc, Sc, 
Tc 
cry1Aa, cry1Ac, cry4, 
cry11, cyt2 
55, 65, 130 JK58 Sc cry2Aa, cry2Ab, cry11, 
cyt1 
65,70 
JK14 Bc cry1  65, 130 JK60 Ic, Tc cry3, cry7,8 70 
JK16 Sc, Tc cry1, cry2, cry11, cyt1, 
cyt2 
65, 70, 130 JK61 Ic, Tc cry3, cry4, cry11, cyt2 70 
JK18 Sc, Ic, Tc cry1Ab, cry4, cry11, 65, 130 JK63 Bc cry1, cyt2 65,70 
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cyt1, cyt2 
JK19 Bc, Sc cry1Aa, cry1Ac, 
cry2Aa, cry11,  
65, 70, 130 JK64 Sc cry1Ab, cry2, cry11, 
cyt2 
65,70,130 
JK20 Sc cry4, cry11, cyt2  JK65 Bc, Sc cry1Aa, cry1Ac, cry2, 
cry3, cyt2 
65,70,130 
JK21 Sc cry1, cry4, cyt1, 65, 130 JK66 Sc cry2Aa, cry11, cyt1 70 
JK22 Bc cry1Ac, cyt2 65, 130 JK67 Sc cry1, cry4, cry11, cyt2 65, 130 
JK26 Bc cry1Ab, cyt2 65, 130 JK72 Bc cry1Aa, cry1Ac, 
cry2Aa, cry11, cyt2 
65,70,130 
JK32 Sc cry4, cry11, cyt1  JK73 Bc, Ic cry1, cry3, cry7,8 65,70,130 
JK33 Bc, Sc cry1Aa, cry1Ac, 
cry1C, cry4, cry11, 
cyt2 
65, 130 JK78 Sc cry1, cry4, cry11, cyt2 65,130 
JK34 Bc cry1Ab, cry1E 65, 130 JK79 Sc cry1, cry2, cyt2 65,70,130 
JK36 Sc cry2, cry11, cyt1 70, 65 JK82 Sc cry4, cry11, cyt2  
JK37 Bc cry1Aa, cry1Ac, 
cry1D, cyt2 
65, 130 JK86 Bc, Ic cry1, cry2Aa, cry2Ab, 
cry7,8 
65,70,130 
JK38 Bc cry1, cyt2 65, 130     
d Bc, Sc, Ic, Tc indicate bipyramidal, spherical, irregular and tiny crystal shapes (too small to record their shape), respectively 
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Table 4. Toxicity of spore-crystal mixtures of B. thuringiensis isolates towards H. armigera 
e Toxicity index indicates the relative toxicity of native to reference strain. It is the ratio of LC50 of HD1 to that of the tested strain; the larger the ratio, the higher the toxicity 
 
 
 
Strain tested Slope SE LC50 ( µgml-1) 95% Fiducial limits ( µgml-1) Toxicity Indexe 
JK12 14.555±1.663 184.625 151.997-220.650 1.057 
JK22 14.681±0.540 275.391 179.499-434.477 0.709 
JK48 14.954±0.720 256.296 158.029-419.699 0.762 
JK72 14.475±0.925 259.937 217.680-310.682 0.751 
HD1 15.477±1.648 195.323 158.809-236.490 1.000 
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Fig. 1. Scanning electron micrographs of B. thuringiensis cells showing different 
stages of growth. (a) log phase (16 h), (b) late log phase (20 h), (c) sporulation phase 
(48 h), (d) late sporulation/ crystal production (72 h). 
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Fig. 2. Scanning electron micrographs of B. thuringiensis cells showing presence of 
crystals, spores and vegetative cells. (a) bipyramidal crystal (bc), (b) spherical crystal 
(sc), (c) cuboidal crystal (cc), (d) irregular crystal (ic). sp and vc indicate spores and 
vegetative cells respectively. 
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Fig. 3. Occurrence rate of cry and cyt type gene combinations in the B. thuringiensis 
strains of North-Western Himalayas. (a) Distribution of strains harbouring single 
cry/cyt gene, (b) distribution of isolates harbouring combination of two or more 
cry/cyt genes, (c) distribution of cry1 and cry2 subtype gene combinations among 
cry1 and cry2 harbouring isolates. 
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Fig. 4. SDS-PAGE profiles of spore-crystal mixture of B. thuringiensis strains, most 
common profiles along with Bt HD1 are represented. Lanes: M, pre-stained molecular 
mass marker (Thermoscientific, USA); 1, 5, 8, no major proteins; 2, 3, 4, major 
protein of 110 kDa; 6, 7, 9, major proteins of 130 kDa and 65 kDa; 10, major protein 
of 70 kDa; 11, Bt kurstaki (4D1) showing major protein of 130 kDa. 
 
 
Fig. 5. Mortality of H. armigera larvae fed with diets containing highly concentrated 
spore-crystal mixtures (1000 µgml-1) of different B. thuringiensis isolates. 
Chapter -IV 
79 
Introduction 
Microbial insecticides are effective alternatives to chemical insecticides for 
the control of various insect pests. Their greatest strengths are safety to humans and 
other non- target groups, specificity against target insects and no hazardous residues 
left after treatment. One of the most successful microbial alternatives to chemical 
insecticides is entomopathogenic bacterium, Bacillus thuringiensis (Bt). Bt is known 
for its ability to produce protein crystals with insecticidal properties. These toxins are 
widely used for the control of various agricultural pests due to their high specificity 
and environmental friendly nature. Bt, in addition to crystalline proteins (Cry and Cyt) 
which are produced during sporulation also produces a relatively novel class of 
insecticidal proteins called Vegetative Insecticidal Proteins (Vips) during vegetative 
stage of growth (Warren et al. 1996). Four classes of these proteins have been 
reported so far; Vip1, Vip2, Vip3 and Vip4. Vip1 and Vip2 are binary toxins effective 
against coleopteran pests, whereas Vip3 toxins are effective against lepidopteran pests 
(Estruch et al. 1996). Presently, there are 107 Vegetative Insecticidal Protein coding 
gene sequences known, out of which 12 sequences are vip1, 17 vip2, 77 vip3 and 1 
sequence vip4 (Crickmore 2014). These toxins are classified on the basis of degree of 
amino acid homology (http: //www.lifesci.sussex. ac.uk/ home/ Neil_ 
Crickmore/Bt/vip.ht ml/). Vip proteins represent the second generation of insecticidal 
trans-genes, and offer broad spectrum of activity against insect pests. The difference 
in amino acid homology and mode of action of Vip toxins from that of crystalline 
protein toxins make them good candidates to overcome insect resistance development 
(Bravo et al. 2011).  
Cry proteins have been extensively used for the control of various 
agriculturally important pests including the infamous cotton bollworm Helicoverpa 
armigera. However, there are several reports of field evolved resistance in H. 
armigera against Cry toxins throughout the world (Van Rensburg 2007; Dhurua and 
Gujar 2011) raising concerns about the adequacy of the current resistance 
management strategies (Gassmann et al. 2014). In order to improve the prospects for 
insect pest control more Vip toxin proteins must be explored from B. thuringiensis 
strains isolated from relatively unexplored environments, as such environments may 
contain novel isolate(s) having toxicity against a particular class of insect pests. There 
are various reports on isolation of novel B. thuringiensis strains from the various 
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environments (Vilas-Boas and Lemos 2004; Lone et al. 2014). Most of these studies 
have focussed on diversity of crystalline coding genes (cry followed by cyt) using 
PCR based approach. On the contrary, there have been few reports on the diversity of 
vip genes in B. thuringiensis from different regions of the world (Beard et al. 2008; 
Yu et al. 2011). Diversity and distribution of vip genes of Bt in some geographical 
regions of India have been investigated earlier (Sattar and Maiti 2011; Shingote et al. 
2013). However there is no report on such studies in Kashmir Valley. The unique 
geomorphology of the valley provides an opportunity to isolate novel Bt strains 
carrying novel vegetative insecticidal protein (Vip) coding genes. Therefore, a 
detailed study is needed to assess the genetic diversity among Bt strains of the valley 
and to study the distribution patterns of vip genes in these isolates. The present study 
was carried out with the aim of studying the diversity and distribution of B. 
thuringiensis with respect to the vip gene content they possess to enrich the available 
resources with novel insecticidal Vip proteins and more efficient insecticidal strains 
for the control of lepidopteran pests. The Bt strains were isolated from ten locations in 
Kashmir Valley and characterized by SEM observation of crystalline proteins, 
sequence analysis of 16S ribosomal RNA gene, PCR based screening for the presence 
of vegetative insecticidal protein coding genes (vips) and the toxicity screening 
against a polyphagous lepidopteran pest H. armigera. 
Materials and methods 
Sample collection 
A total of 30 soil samples were collected from 10 different regions of Kashmir 
Valley as described in chapter II; regions unaffected by anthropogenic activities were 
selected (Table 1). 
Bacillus thuringiensis strains 
Sodium acetate enrichment method (Travers et al. 1987) was used for isolation 
of B. thuringiensis from the collected soil samples as described in chapter II. Bt index 
was calculated as suggested by Baig et al.  (2010). The standard B. thuringiensis 
strain (Bt kurstaki HD1) used as reference for the insect bioassays was kindly 
provided by Dr. Daniel R. Zeigler from the Bacillus Genetic Stock Center (Ohio, 
USA). 
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Phenotypic identification 
The putative Bacilli were characterized for the presence of parasporal crystals 
by phase contrast microscopy and the shape of crystals was confirmed by scanning 
electron microscopy as described in chapter II.  
16S rRNA gene sequencing and phylogenetic tree construction 
Total cell DNA was extracted from the native and reference strains using 
GenElute Bacterial Genomic DNA Kit (Sigma-Aldrich, USA) as per the 
manufacturer’s instructions. PCR amplification of 16S rRNA gene from the selected 
Bacillus isolates was performed using the universal primers: forward (27f) 5'-
AGAGTTTGATCCTGGCTCAG-3', reverse (5210r) 5’-AAGGAGCTGAT-
CCAGCCGCA-3'. The purified amplicons of 16S rRNA gene were sequenced using 
primers 27f and 5210r with fluorescent terminators (Big Dye, Applied Bio systems). 
The homology of the sequences obtained were determined by NCBI BLAST 
(Altschul et al. 1990). Sequences were aligned, verified and edited using Bioedit 7.2.0 
(Hall 1999) the phylogenetic tree based on 16S rRNA sequences was constructed 
using MEGA v6.0 (Tamura et al. 2013) by Neighbor joining (NJ) (Nei and Kumar 
2000) method. Gaps were considered missing data points, genetic distances were 
estimated using nucleotide/Jukes-Cantor (for rRNA) (Jukes and Cantor 1969) and the 
statistical significance of the branching order of the tree was established by bootstrap 
analysis using 1000 permutations of the data set. 
Identification of vip genes 
For detection of vip gene combinations, all the native B. thuringiensis isolates 
were subjected to PCR analysis using 3 pairs of vip gene specific primers listed in 
Table 2. Two of the primers (Vip1 smp and Vip2 smp) are degenerate and were 
designed in this study, while the third primer (Vip3A) was taken from a published 
study (Selvapandiyan et al. 2001). The Vip1 primers were designed from the 
conserved regions of vip1Aa2, vip1Ac, vip1Ba1, vip1Bb1, and vip1Da1 (Acc. Nos. 
AAR81088, AAO86514, AAR40886, AAR40282, AAT21728 respectively); Vip2 
primers from conserved regions vip2Aa2, vip2Ac1, vip2Ad1, vip2Af1, and vip2Ba1 
(Acc. Nos. AAR81096, AAO86513, AAT21729, ACH42759, AAR40887 
respectively) and Vip3 primers from vip3Aa and vip3Ab sequences (Selvapandiyan et 
Chapter -IV 
82 
al. 2001).  PCR reactions were performed using 100 ng of total B. thuringiensis DNA 
with 0.6 mM dNTP mix, 0.5 µM each primer, 3 mM MgCl2, 1.5 U of Taq DNA 
polymerase (Fermentas, USA) in a final volume of 25 µl. Amplification was 
performed at following conditions: 94 °C for 1 min, annealing at 54-55 °C (Table 2) 
for 1 min and extension at 72 °C for 1 min. An extra step of extension at 72 °C for 10 
min was added after completion of 25 cycles. PCR products were sequenced (Big 
Dye, Applied Bio systems) using the same primers that were used to generate PCR 
products. 
Protein purification 
Vegetative insecticidal proteins from native and reference B. thuringiensis 
strains were purified from culture supernatants as described by Estruch et al. (1996). 
The cultures were grown for 16 h at 30 °C in Terrific broth (12% tryptone, 2.4% yeast 
extract, 0.04% glycerol, 0.17 M KH2PO4, 0.72 M K2HPO4) and centrifuged at 5000×g 
for 20 min. The supernatant containing proteins was precipitated with ammonium 
sulfate (70% (w/v) saturation) and proteins were collected by centrifugation at 
5000×g for 15 min. The pellets thus obtained were resuspended in the original volume 
of 20 mM Tris HCl (pH 7.5) and dialyzed overnight at 4 °C followed by titration to 
pH 4.5 using 20 mM sodium citrate (pH 2.5). After 30 min incubation at room 
temperature, the samples were centrifuged at 3000×g for 10 min. The protein pellets 
were washed once with 1 mMl-1 NaCl containing 5 mMl-1 EDTA followed by 
resuspension in 0.02 M Tris, pH 8 and filtered (0.2 µm).  
Helicoverpa culture 
H. armigera larvae were collected from infested chick pea plants grown at the 
experimental farms of Faculty of Agricultural Sciences, Aligarh Muslim University, 
Aligarh, India. The insects were maintained in our laboratory for 10 generations 
without exposure to insecticides before proceeding with bioassay and toxicity 
experiments.  Helicoverpa larvae were initially maintained on natural diet consisting 
of chick pea leaves upto 2nd generation and the subsequent generations were reared by 
the method of Teakle and Jensen (1985) at 25 oC, 50 ± 10% relative humidity, with 14 
h photoperiod using artificial diet. During oviposition, H. armigera adults were 
provided with 5% (w/v) honey solution. 
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“Quick screen” and toxicity assay against Helicoverpa 
In order to ascertain the ability of native Bt isolates to demonstrate appreciable 
activity against second instar larvae (6 h after moulting) of H. armigera, “quick 
screen” bioassays were performed (Rampersad and Ammons 2005). “Surface 
contamination” method involving higher doses (1 mg of total protein per ml of culture 
supernatant) of the actively growing cultures (18 h) smeared onto young chick pea 
leaves in triplicate were employed. The treated larvae were left for 10 h then 
presented with a fresh piece (uninoculated) leaf and left further for 12 h. Scoring was 
done as;  not eaten a score of 3; partially eaten a score of 2; completely eaten a score 
of 1. The average of three replicates was taken as toxicity value, which were 
arbitrarily classified as; 1.0- non-toxic; > 1.0 but < 2.0 – uncertain toxicity; ≥2.0 - 
toxic. All the putative B. thuringiensis isolates in the collection were tested. Bt subsp. 
kurstaki HD-1 was used as positive control and solubilisation buffer as negative 
control. The conditions for bioassay were as; 25 °C, 50 ± 10% RH and a 14:10 
(light/dark [h]) photoperiod. Strains showing score of ≥2.0 were subjected to further 
bioassays to know their toxicity potential using four different concentrations (50, 100, 
200 and 400 ng) of Vip protein cm-2 of the leaf surface, 10 larvae per treatment were 
used and the experiment was set in triplicate making total number of larvae used per 
concentration to 30. Mortality was recorded after 3 days of treatment and the data was 
analysed using Probit Analysis (Finney 1971) to determine the LC50 (lethal 
concentration required to kill 50% of larvae tested). The amount of protein used in 
bioassays was determined according to Bradford (1976) and the partially purified and 
concentrated protein samples of toxic isolates were analysed by 10% SDS-PAGE.  
Nucleotide accession numbers 
Accession numbers of the partial 16s rRNA nucleotide sequences (KJ125306-
KJ125391) and partial gene sequences of vip1 (KJ396903-KJ396910), vip2 
(KJ396911-KJ396917), vip3 (KJ396918-KJ396932) obtained in this study are 
available in NCBI GenBank database (http://www.ncbi.nlm.nih.gov/genbank/-
submit.ht ml). 
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Results 
 Isolation and identification of Bacillus thuringiensis from soil 
Out of the 86 Bacillus like isolates, 44 were identified as B. thuringiensis 
based on the presence of parasporal crystals and sequencing of 16S rRNA gene (Table 
3). Different shapes of crystals (bipyramidal, spherical, irregular) were observed 
under Phase Contrast Microscopy and confirmed by SEM analysis of the crystalline 
inclusions (Fig. 1). The average Bt index observed in this study was 0.51 (Table 1).  
Analysis of 16S rRNA gene sequences 
To determine the phylogenetic relationship among Bacillus isolates, a 1500 bp 
amplicon corresponding to 16S rRNA was successfully amplified using total cell 
DNA as template (Fig. 2). The amplicons were sequenced and the partial sequences 
were aligned with the 16S rRNA gene sequences of Bt available from GenBank 
(CP004069, CP003763; CP000485, AB617500, JQ669397, CP001907, EU429670) 
and compared using Bioedit (Version 7.2.0). It was observed that the obtained 
sequences showed 95-100% identity with the reported sequences on BLAST analysis. 
The partial 16S rRNA gene sequences were submitted to GenBank and accession 
numbers were obtained as mentioned earlier.  Of the 86 isolates tested, 80 showed 
maximum identity with Bacillus sp., only 6 isolates were identified as non-Bacillus 
viz. JK51, JK69, JK77, JK83, JK86 and JK95 which showed maximum identity with 
Enterobacter asburiae, Brevibacterium frigoritolerans Staphylococcus xylosus, 
Novosphingobium resinovorum, Brevibacterium frigoritolerans and Staphylococcus 
epidermidis respectively (Acc. Nos, KJ125355, KJ125365, KJ125373, KJ125378, 
KJ125381, KJ125390, respectively). Among the Bacillus isolates, B. thuringiensis 
was the most abundant (44) followed by B. megaterium (14), B. aryabhattai (13), B. 
simplex (2), B. subtilis (2), Lysinibacillus sphaericus (2), B. flexus (1), B. 
methylotrophicus (1), B. pumilus (1). A tree representing the phylogenetic relationship 
among the 16S rRNA gene was constructed using Neighbor-joining method (Fig. 3) 
by MEGA (version 6.0). Nucleotide sequences other than those resembling B. 
thuringiensis served as the remote control for phylogenetic analysis. 
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vip gene content of Bt in Kashmir valley 
Forty four B. thuringiensis strains from Kashmir Valley were screened for the 
presence of vip1, vip2 and vip3 genes by using primer pairs Vip1smpF-Vip1smpR, 
Vip2smpF-Vip2smpR and Vip3AF-Vip3AR respectively (Table 2). Expected PCR 
amplicon sizes of 504 bp for vip1, 475 bp for vip2 and 700 bp for vip3A type genes 
were observed (Fig. 4). vip1 specific primers also amplified a non-specific fragment 
of <200 bp, which was not included in the study. The desired amplified products were 
purified and sequenced, the sequences on BLAST analysis showed identity to the 
corresponding reported sequences. The distribution of vip-type genes from different 
locations of Kashmir Valley was studied; vip3 genes were found to be the most 
abundant (43.18%) followed by vip1 (22.72%) and vip2 (15.90%) genes. vip3 gene 
specific sequences were abundant at Mairan (100%), Udusa (100%) and Gulmarg 
(57.14%). Forest soils of Kokernag and maize fields of Mairan and Udusa did not 
show the presence of either vip1 or vip2 sequences. All the 10 sites except Rajpora, 
showed presence of vip3 gene sequences. vip1 sequences were not found in B. 
thuringiensis isolates from any of the maize fields, whereas the abundance of vip2 
gene sequences was 16.66% and 50.0% in maize fields of Kalgi and Saripara 
respectively (Table 1). However, the presence of vip3 sequences in the maize fields 
was the highest (50-100%). Isolates from three different soil types showed 
heterogeneous distribution of vip genes. Isolates from forest soils harboured the 
maximum while as from lake sediment contained the minimum number of vip genes 
and profiles. vip3A gene was present in isolates from all three regions. However, the 
percentage of vip3A varied among three zones. The vip1 and vip2 genes were absent 
in isolates from lake sediments and maize fields respectively (Fig. 5). Though vip1 
and vip2 are binary toxins, some Bt strains harboured either vip1-type genes or vip2-
type genes. The vip gene sequences obtained from the Kashmir Valley in general were 
too conserved (showing more than 45% similarity to the existing vip sequences) to be 
assigned a new class, however the vip1 and vip2 sequences showed adequate 
differences (showing similarity of 64%) in amino acid sequence from the already 
reported sequences as analysed by protein BLAST and multiple sequence alignment 
(Fig. 6) compared to vip3 gene sequences which were found to be highly conserved 
(showing similarity of 99% to the reported vip3 sequences). 
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Protein purification 
The PCR analysis (vip3 gene sequence) and protein electrophoretogram (88 
kDa protein) of the supernatant proteins strongly supported the presence of Vip3A 
proteins in selected isolates to study their insecticidal activity (Figs. 6 and 7a). 
Ammonium sulfate precipitation removed most of the contaminating proteins in the 
molecular weight range of interest (Fig. 7a). Heat treatment for inactivation of 
proteins in the supernatant was carried out at 95 °C for 20 min, insecticidal strains 
showed drastic (95-100%) reduction in mortality on heat treatment (data not shown). 
The active component was characterized as high molecular weight heat-labile 
component, thus excluding the possibility of being a β-exotoxin. 
Toxicity assay 
All the 44 putative B. thuringiensis isolates and the reference strain HD1 were 
subject to toxicity analysis. Leaves were partially eaten in majority (54.5%) of the 
cases and given a score of 1.0-2.0 (moderately toxic) followed by completely eaten 
leaves (29.5%), given a score of 1.0 (non- toxic), only seven isolates (15.90%) and a 
control strain achieved a score greater than 2 and were considered as toxic (JK17, 
JK18, JK20, JK37, JK65, JK66, JK88 and HD1) (Fig. 7b). Bioassays of the putative 
toxic strains using culture supernatants containing different concentrations of Vip3A 
proteins revealed wide range of toxicity to H. armigera, with mortality ranging from 
70% to 100%, mortalities were corrected using Abbott's (1925) formula. Among the 
native isolates JK37 followed by JK20 showed the highest mortality (96.60% and 
93.33% respectively), and JK17 showed the least mortality (70.0%), while, Bt HD1 
showed 100% mortality when exposed to 400 ngcm-2 of toxin. Though there was high 
magnitude difference in the LC50 values among the tested strains, all of them showed 
lower LC50 values compared to the reference strain HD1 (Table 4). Individual LC50s 
for Helicoverpa exposed to Vip3A toxins from different native isolates ranged from 
115.968 ngcm-2 to 246.605 ngcm-2, while as, the HD1 strain showed the lowest LC50 
value of 105.759 ngcm-2 against Helicoverpa. The statistical results showed that the 
insecticidal activity of JK37 and JK88 are close to that of the standard strain HD1 
(Table 4).  
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Discussion 
Compared to Cry proteins that have been characterized extensively and used 
widely in insect management for last five decades (Federici 2005), studies on the 
diversity and distribution of Vip proteins are still in infancy. Although, distribution of 
vip genes of Bt in some geographical regions of India has been investigated earlier 
(Sattar and Maiti 2011; Shingote et al. 2013), no researcher had systematically 
analysed the distribution of vip genes in Kashmir valley. So it is of interest to 
determine the distribution and diversity of vip genes and identify the type of vip 
genes. In this study, Bt strains were characterized, the distribution of Bt strains and 
the type of vip gene in different soil types and their toxicity potential against 
lepidopteran pest H. armigera were examined. 
Bt index is the measure of success in Bt isolation. The average Bt index in the 
present study was 0.51; it was 0.33 and 0.6 for soils from maize fields and forests 
respectively. Bravo et al. (1998) reported Bt index of about 0.24 in cultivated fields of 
Mexico, Martin and Travers (1989) reported 0.85 Bt index in soils from various 
locations in Asia, Baig et al. (2010) reported 0.86 relative index from cattle waste 
compared to 0.69 from wheat grain dust from various habitats in different areas of 
Pakistan. 61.36% of isolates were obtained from forest soils, 25% from maize fields 
and 13.63% from lake sediment. Similar trend of Bt index was also observed in soils 
of Sichuan Basin in China (Yu et al. 2011). 
Analysis of 16S rRNA sequences is a frequently used method for the 
identification and taxonomic localization of bacterial genus/species (Punina et al. 
2013). However, early studies performed on isolates from B. cereus group revealed 
that the 16S rRNA sequences of Bt isolates in this group had as high as a 99–100% 
identity. Our findings also indicated the same trend showing identity as high as 95-
100%. Since, B. cereus and B. thuringiensis species are indistinguishable from each 
other on the basis 16S rRNA gene sequence analysis (Punina et al. 2013), sequences 
showing maximum identity with either of the two have been considered as B. 
thuringiensis for construction of phylogenetic tree in this study. The topology of the 
constructed tree was in accordance with the phylogenetic structure of the B. сereus 
group as established by the analysis of the 16S rRNA, 23S rRNA gene fragments 
(Bourque et al. 1995) and the 16S-23S rRNA intergenic region (Daffonchio et al. 
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2000). Based on the phylogenetic analysis 16S rRNA sequences of  all the native B. 
thuringiensis isolates grouped together along with the reference sequences of B. 
thuringiensis (Fig. 3), suggesting phylogenetic homogeneity among the B. 
thuringiensis strains, the same patterns were observed by Joung and Cote (2002). 
PCR-based is the most widely used molecular approach for the identification 
of novel cry genes due to its rapidity and reproducibility and its use has also been 
extended to screening and identification of novel vip genes (Rang et al. 2005; Sattar 
and Maiti 2011; Shingote et al. 2013). Vip proteins account for about 15% of Bt 
strains has been reported by Wu et al. (2007). In the present study, we found that the 
average rates of vip1 (22.72%) and vip2 (15.90%) were higher as compared to the 
rates described by other researchers (Yu et al. 2011; Shingote et al. 2013), all of 
whom described proportions of 10% for both vip1 and vip2. The higher prevalence of 
vip3 sequences in the present study to that of vip1 and vip2 sequences is corroborated 
with other studies (Beard et al. 2008; Palma et al. 2013). The difference in distribution 
of vip1, vip2 and vip3 can be ascribed to the difference in environmental conditions of 
these sites like altitude, nutritional conditions of the soil, oxygen concentration, 
temperature etc. (Yu et al. 2011; Shingote et al. 2013). vip1 and vip2 sequences 
obtained in the study were found to be variant from the reported vip1 and vip2 
sequences based on the deduced amino acid sequence homology. Variation in a single 
amino acid has been proven to influence the level of toxicity in Vip and Cry proteins 
(Li et al. 2007; Ozturk et al. 2008), therefore the obtained sequences are a great 
reservoir to study their efficacy against coleopteran insect pests. The variability in 
these gene sequences increases the possibility of developing broad spectrum Vip 
proteins, as proven earlier in case of chimeric Vip3AcAa (Fang et al. 2007). 
Therefore, potential of isolation and characterization of novel vip genes with 
improved toxicity and enhanced spectrum does exist in isolates under study. The 
analysis of  vip gene sequences (Fig. 6) obtained revealed that different subclasses of 
vip1 and vip2 gene sequences were amplified using the degenerate primers designed 
in the study, thereby proving the robustness of the primers to amplify and differentiate 
among different subclasses of each family. 
 Vip3A is a group of proteins of approx. 89 kDa, known to be secreted by 
certain Bt strains during vegetative growth. It differs from Cry proteins both in amino 
acid sequence and mode of action and has been proven to be toxic to a wide spectrum 
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of lepidopteran pests (Estruch et al. 1996; Selvapandiyan et al. 2001). We did not 
restrict toxicity studies against Helicoverpa to promising strains inferred by PCR 
analysis only, but to the entire collection of Bt strains (44 isolates), second instar 
larval stage was used for bioassay, as older larvae tend to be more tolerant to Bt based 
biopesticides (Sanahuja et al. 2011). Only 15.9% of the Bt isolates displayed 
appreciable toxicity against Helicoverpa on “quick screen” bioassay analysis (Fig. 
7b), and these isolates were subjected to detailed toxicity analysis using different 
concentrations of the toxin.  
In order to rule out the possibility of toxicity being the combinational effect of 
Vip3A with other proteins, heat treatment for inactivation of proteins in the 
supernatant was performed, which caused the reduction in mortality of the insecticidal 
strains as a result of Vip3A inactivation, thereby proving that the main active 
components of the supernatant are thermolabile Vip3A and not the thermostable 
compounds, β-exotoxin and zwittermicin A as proved earlier also (Estruch et al. 
1996). 
Despite the high level of vip3A conservation observed on PCR analysis, 
isolates harbouring the gene demonstrated a high level of heterogeneity with respect 
to their toxicity (LC50) against Helicoverpa larvae. The LC50 values of the native 
isolates ranged from 115.968 ngcm-2 to 246.605 ngcm-2, while HD1 showed the 
lowest LC50 of 105.759 ngcm
-2. Earlier studies have also reported marked differences 
between the absolute values of LC50 for the Vip3A proteins; 325 ngcm
-2 by Doss et al. 
(2002), 155 ngcm-2 by Liao et al. (2002), 251.98 ngcm-2 by Shingote et al. (2013) 
against H. armigera. The likely reasons for the differences observed in LC50 may be 
due to one or more of the following factors: method of bioassay employed, insect diet 
composition, level of processing of toxins, the quantification method used, and the 
temperature at which bioassays were carried out.  
Conclusion 
To the authors’ knowledge, this is the first systematic report on the diversity 
and distribution of vip gene sequences and the toxicity analysis against Helicoverpa in 
the locally isolated Bt strains of the Kashmir valley. The study enriched the diversity 
of available vip genes, which thereby could broaden the spectrum of activity of Vip 
class of proteins and facilitate their application for pest management (Estruch et al. 
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1997). We have developed a large and diverse B. thuringiensis strain collection with 
huge potential to control Helicoverpa; however, further research is needed to check 
their toxicity potential against other lepidopteran pests of agricultural importance. The 
29.54% of the isolates that did not show amplification with any of the primers tested 
are of particular interest. Two B. thuringiensis strains JK37 and JK88 showed high 
toxicity towards H. armigera and both the isolates exhibited the presence parasporal 
crystals on SEM analysis (Fig. 1) indicating the presence of crystalline protein coding 
genes as well. These isolates have the potential to be developed as novel microbial 
biopesticides. 
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Table 1. Features of sampling sites, success of B. thuringiensis isolation and the 
distribution of vip gene sequences 
 
a Off-white, opaque, slightly raised, and regular outlined. 
b Bt Index: Bacillus thuringiensis isolation index was calculated by dividing the number of Bt isolates 
by the total number of Bacillus like colonies obtained. 
 
Table 2. Characteristics of partial gene primers used for identification of vip gene 
sequences in native B. thuringiensis isolates 
c M = A + C; R = A + G; Y = C + T; B=C or G or T; S=C or G. 
Geographical 
Region (Kashmir 
Valley); coordinates 
Soil Type Total no. 
of 
colonies 
No. of 
Bacillus- like 
isolatesa 
No. of 
Bt 
isolates 
Bt 
indexb 
% vip genes present 
(no.) 
vip1 vip2 vip3 
Brarinar 
34° 6' N / 74° 20' E 
Forest 186 18 12 0.66 8.33/1 33.33/4 25.00/3 
Pangkong 
33° 45' N / 78° 40' E 
Lake 
sediment 
18 8 6 0.75 16.66/1 0/0 33.33/2 
Kalgi 
34° 5' N / 74° 1' E 
Maize 
field 
154 11 6 0.54 0/0 16.66/1 50.00/3 
Kokernag 
33° 35' N / 75° 17' E 
Forest 180 8 3 0.37 0/0 0/0 33.33/1 
Mairan 
34° 7' N / 74° 21' E 
Maize 
field 
40 7 1 0.14 0/0 0/0 100.0/1 
Gulmarg 
34° 3' N / 74° 23' E 
Forest 25 7 7 1.00 85.71/6 14.28/1 57.14/4 
Venkara 
34° 14' N / 74° 20' E 
Forest 102 6 5 0.83 40.00/2 0/0 40.00/2 
Saripara 
34° 16' N / 74° 23' E 
Maize 
field 
205 4 2 0.50 0/0 50.00/1 50.00/1 
Rajpora 
34° 9' N / 74° 23' E 
Forest 20 6 0 0.00 0/0 0/0 0/0 
Udusa 
34° 5' N / 73° 54' E 
Maize 
field 
210 11 2 0.18 0/0 0/0 100.0/2 
Total or mean 1140 86 44 0.51 22.72 15.90 43.18 
Primer 
Pair 
Sequence (5’ to 3’)c Respective 
gene  
Tm  
( °C) 
Amplicon 
size (bp) 
Source 
Vip1smpF ATGAAGAAGRRSCTGRBSAG vip1 55 504 This study 
 Vip1smpR CTCCTTGAAGRTSTTGYTGTCSMTG 
Vip2smpF CAAGGAGGACAAGGAGAAGGCC vip2 55 475 This study 
 Vip2smpR GSAYSAYGCCGGCCTTGGTGG 
Vip3AF AGTTTACAAGAAATAAGTGTTA vip3A 54 700 Selvapandiyan 
et al. 2001 Vip3AR CCTACCATTACATCGTGGAAT 
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Table 3. Phylogenetic identification, microscopic examination and vip gene profiling 
of native isolates obtained from various locations of Kashmir Valley 
Isolates Isolation 
site 
Accession 
No. 
Nearest Phylogenetic 
Neighbor 
Identity 
(%) 
Phase 
contrast 
observations 
vip 
gene 
profiled 
JK7 Brarinar 
(Forest soil) 
KJ125312 KF631232 Bacillus 
thuringiensis strain 
MU9 
100 crystalliferous II 
JK9 Brarinar 
(Forest soil) 
KJ125313 KF512665 Bacillus 
thuringiensis strain 
BFB35 
99 crystalliferous II  
JK10 Brarinar 
(Forest soil) 
KJ125314 KF550441 Bacillus 
thuringiensis strain 
WBD10A 
100 crystalliferous I 
JK11 Brarinar 
(Forest soil) 
KJ125315 KF555624 Bacillus 
thuringiensis strain 
Dr45 
99 acrystalliferous II 
JK12 Brarinar 
(Forest soil) 
KJ125316 FR877760 Bacillus 
thuringiensis strain 
BD12 
100 acrystalliferous NA 
JK13 Brarinar 
(Forest soil) 
KJ125317 KF444375 Bacillus 
thuringiensis strain 
WG47(1) 
100 acrystalliferous NA 
JK14 Brarinar 
(Forest soil) 
KJ125318 JX500188 Bacillus 
thuringiensis strain 
EAPL17  
100 acrystalliferous NA 
JK15 Brarinar 
(Forest soil) 
KJ125319 KF550441 Bacillus 
thuringiensis strain 
WBD10A  
99 crystalliferous II 
JK16 Brarinar 
(Forest soil) 
KJ125320 KF550441 Bacillus 
thuringiensis strain 
WBD10A 
99 acrystalliferous NA 
JK17 Brarinar 
(Forest soil) 
KJ125321 KF500576 Bacillus 
thuringiensis strain 
Bt100 
99 acrystalliferous III 
JK18 Brarinar 
(Forest soil) 
KJ125322 KC778385 Bacillus 
thuringiensis strain 
BGB20 
100 acrystalliferous III 
JK19 Brarinar 
(Forest soil) 
KJ125323 KF010790 Bacillus 
thuringiensis strain 
B45V 
100 crystalliferous III 
JK20 Pangkong 
(Lake 
Sediment) 
KJ125324 JQ004442 Bacillus 
thuringiensis strain 
GTG-47 
99 crystalliferous III 
JK21 Pangkong 
(Lake 
Sediment) 
KJ125325 JQ004442 Bacillus 
thuringiensis strain 
GTG 47 
99 crystalliferous NA 
JK22 Pangkong 
(Lake 
Sediment) 
KJ125326 EU240956 Bacillus 
thuringiensis strain 
DW-1T 
98 acrystalliferous III 
JK23 Pangkong 
(Lake 
Sediment) 
KJ125327 KF017270 Bacillus 
thuringiensis strain 
VITGS 
99 acrystalliferous NA 
JK26 Pangkong 
(Lake 
Sediment) 
KJ125330 KF010790 Bacillus 
thuringiensis strain 
B45V 
100 crystalliferous I 
JK27 Pangkong 
(Lake 
Sediment) 
KJ125331 KF631232 Bacillus 
thuringiensis strain 
MU9 
99 crystalliferous NA 
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JK33 Kalgi 
(Maize 
Field) 
KJ125337 KF550441  Bacillus 
thuringiensis strain 
WBD10A 
100 crystalliferous III 
JK35 Kalgi 
(Maize 
Field) 
KJ125338 JQ004425  Bacillus 
thuringiensis strain 
GTG-21 
99 acrystalliferous III 
JK36 Kalgi 
(Maize 
Field) 
KJ125339 KF017270 Bacillus 
thuringiensis strain 
VITGS 
99 crystalliferous NA 
JK37 Kalgi 
(Maize 
Field) 
KJ125340 JQ004442 Bacillus 
thuringiensis strain 
GTG-47 
98 crystalliferous II, III 
JK38 Kalgi 
(Maize 
Field) 
KJ125341 KF017270 Bacillus 
thuringiensis strain 
VITGS 
99 crystalliferous NA 
JK39 Kalgi 
(Maize 
Field) 
KJ125342 KF631232 Bacillus 
thuringiensis strain 
MU9 
99 acrystalliferous NA 
JK40 Kokarnag 
(Forest soil) 
KJ125343 EF495116 Bacillus 
thuringiensis strain 
19198  
95 crystalliferous III 
JK41 Kokarnag 
(Forest soil) 
KJ125344 JQ004425 Bacillus 
thuringiensis strain 
GTG-21 
100 acrystalliferous NA 
JK42 Kokarnag 
(Forest soil) 
KJ125345 EF113653 Bacillus 
thuringiensis strain 
GDFT2 
99 crystalliferous NA 
JK52 Mairan 
(Maize 
field) 
KJ125355 EU429663 Bacillus 
thuringiensis serovar 
kurstaki 
96 crystalliferous III 
JK57 Gulmarg 
(Forest soil) 
KJ125358 KF555624 Bacillus 
thuringiensis strain 
Dr45 
98 acrystalliferous I 
JK58 Gulmarg 
(Forest soil) 
KJ125359 KF444375 Bacillus 
thuringiensis strain 
WG47(1) 
99 acrystalliferous I, III 
JK59 Gulmarg 
(Forest soil) 
KJ125360 KF550441 Bacillus 
thuringiensis strain 
WBD10A 
99 crystalliferous I 
JK60 Gulmarg 
(Forest soil) 
KJ125361 KF631232 Bacillus 
thuringiensis strain 
MU9 
99 crystalliferous I, II 
JK65 Gulmarg 
(Forest soil) 
KJ125362 KF017270 Bacillus 
thuringiensis strain 
VITGS 
99 crystalliferous I, III 
JK66 Gulmarg 
(Forest soil) 
KJ125363 JQ004425 Bacillus 
thuringiensis strain 
GTG-21 
99 crystalliferous I, III 
JK67 Gulmarg 
(Forest soil) 
KJ125364 KF017270 Bacillus 
thuringiensis strain 
VITGS 
99 acrystalliferous III 
JK70 Venkara 
(Forest soil) 
KJ125366 KF512665 Bacillus 
thuringiensis strain 
BFB35 
100 acrystalliferous I 
JK71 Venkara 
(Forest soil) 
KJ125367 JX051373 Bacillus 
thuringiensis strain 
T106 
98 acrystalliferous NA 
JK72 Venkara 
(Forest soil) 
KJ125368 JX437002 Bacillus 
thuringiensis strain RX-
MKV2 
99 acrystalliferous I 
Chapter -IV 
94 
JK73 Venkara 
(Forest soil) 
KJ125369 GQ497139 Bacillus 
thuringiensis strain 
KKK 2 
98 acrystalliferous III 
 
JK74 Venkara 
(Forest soil) 
KJ125370 KF631232  Bacillus 
thuringiensis strain 
MU9 
99 acrystalliferous III 
JK75 Saripara 
(Maize 
Field) 
KJ125371 JQ004425  Bacillus 
thuringiensis strain 
GTG-21 
99 crystalliferous II 
JK76 Saripara 
(Maize 
Field) 
KJ125372 KF631232  Bacillus 
thuringiensis strain 
MU9 
99 acrystalliferous III 
JK88 Udusa 
(Maize 
Field) 
KJ125383 KF631232 Bacillus 
thuringiensis strain 
MU9 
99 crystalliferous III 
JK92 Udusa 
(Maize 
Field) 
KJ125387 JQ004442 Bacillus 
thuringiensis strain 
GTG-47 
99 acrystalliferous III 
d I, II and III are the three different vip gene profiles indicating the presence of vip1 vip2 and vip3 genes 
respectively. NA= containing none of the three above mentioned profiles, this profile included mostly 
the ones that did not give or gave undesired PCR amplification. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4. Insecticidal activity of the selected B. thuringiensis isolates against H. 
armigera (Lepidoptera: Noctuidae) larvae 
Strain 
tested 
Slope  
(mean ± SE) 
LC50  
(ngcm-2) 
95% Fiducial limits 
 (ngcm-2) 
Toxicity 
indexe 
JK17 18.931±1.277 246.605 186.406-372.659 0.428 
JK18 18.659±1.111 190.998 141.641-282.597 0.553 
JK20 15.068±1.178 150.984 119.578-193.194 0.700 
JK37 16.086±1.542 115.968 88.960-147.736 0.911 
JK65 16.968±0.611 206.862 160.625-286.211 0.511 
JK66 17.104±3.291 172.579 132.166-234.403 0.612 
JK88 17.186±1.263 144.033 108.837-192.479 0.734 
HD1 14.641±2.506 105.759 83.519-130.965 1.000 
e Toxicity index indicates the relative toxicity of native to reference strain. It is the ratio of LC50 of HD1 to 
that of the tested strain; larger the ratio, higher the toxicity. 
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Fig. 1. Scanning electron microscopy of spore-crystals of B. thuringiensis isolates JK37 
(a), JK26 (b), JK42 (c), JK88 (d) showing different crystal shapes: bc, bipyramidal 
crystal; hc, hexagonal crystal; sc, spherical crystal; ic, irregular crystal; sp, spore. 
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Fig. 2. PCR amplification of 16S rRNA gene of the native Bacillus isolates (a) Total 
DNA extracted from Bacillus isolates (Lanes, 1-86 native isolates, 87-92 Bt reference 
strains) (b) 16S rRNA gene amplification (Lanes 1-86 native isolates, 87, positive 
control (Bt subsp. kurstaki HD1 tempate), 88, negative control (without template). 
Lanes M1: λ HindIII digest (Fermentas); M2: 1kb (Fermentas) DNA size markers, 
1.0% agarose/EtBr gel. 
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Fig. 3. A phylogenetic tree based on the 16S rRNA gene sequences of isolates 
belonging to the genus Bacillus, Brevibacterium, Enterobacter, Lysinibacillus, 
Novosphingobium, and Staphylococcus obtained in this study. Neighbor-joining 
method using MEGA version 6.0 was used for tree construction. The analysis 
involved 94 nucleotide sequences. Sequences from this study are prefixed with “JK” 
followed by strain number and GenBank sequence names are prefixed with accession 
numbers. 
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Fig. 4. PCR amplified products of different vip genes from representative B. thuringiensis 
isolates. Lane M: 1 kb DNA ladder, 1.0% agarose/EtBr gel. 
 
 
Fig. 5. Distribution of vip genes in B. thuringiensis isolates from various soil types 
identified by PCR analysis. 
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Fig. 6. Amino acid sequence alignment of the partial Vip proteins Vip1 (a) and Vip2 
(b); sequence of the native isolates with the sequence of a representative of each 
subclass of Vip1 and Vip2 toxins. Light-coloured (unshaded) areas indicate the 
divergent amino acids. The numbers indicates amino acid position. 
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Fig. 7. SDS-PAGE analysis and toxicity distribution of native B. thuringiensis 
isolates. (a) Protein profiles (10% SDS-PAGE gel) of culture supernatants of the 
putative toxic isolates (lanes 1-8) and partially purified Vip3A of the corresponding 
isolates (lanes 9-16). Lane M indicates protein ladder. The 89 kDa band indicated by 
arrow represents the Vip3Aa protein. (b) Distribution of B. thuringiensis collection 
based on their toxicity potential against Helicoverpa armigera larvae. The values 
indicate 1.0, not toxic; >1.0 but <2.0, moderate toxicity; >2.0, toxic. 
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Introduction 
Bacillus thuringiensis (Bt) is the most successfully used biopesticide 
worldwide. The primary insecticidal armoury of B. thuringiensis are the crystalline 
proteins (Cry and Cyt) (Bravo et al. 2007), which are toxic not only against insects of 
different orders but also against certain nematodes (Schnepf et al. 1998; van 
Frankenhuyzen 2009). In addition to the crystalline proteins that are synthesized 
during sporulation phase, certain strains of B. thuringiensis also produce vegetative 
insecticidal proteins (Vips) during the vegetative phase of their growth (Estruch et al. 
1996). Vips do not share amino acid homology with the crystalline proteins but do 
accord insecticidal property to the bacterium against certain insect pests (Donovan et 
al. 2001; Zhu et al. 2006). As of January 2016, more than 100 Vip proteins have been 
documented and they have been classified into four different classes viz. Vip1, Vip2, 
Vip3, and Vip4 (Crickmore et al. 2016). Vip1 and Vip2 are binary toxins active 
against coleopteran (Warren 1997) and hemipteran insects (Sattar and Maiti 2011), 
while Vip3 toxins are effective against various lepidopteran pests (Estruch et al. 
1996). Vip3 class is the most extensively studied among the Vip proteins consisting of 
three main classes (Vip3A, Vip3B and Vip3C) and thirteen subclasses (Vip3Aa-
Vip3Aj, Vip3Ba, Vip3Bb and Vip3Ca) (Crickmore et al. 2016). Vip3 toxins exhibit 
varying levels of insecticidal activity against a range of economically important 
lepidopteran pests (Baranek et al. 2015). Despite high degree of amino acid sequence 
identity, differences in insecticidal activity even among the subtypes of the particular 
Vip3 genes have been observed (Estruch et al. 1996; Yu et al. 1997; Ruiz de Escudero 
et al. 2014). Moreover, certain Vip3A subtypes did not show insecticidal activity 
against any lepidopteran insects (Estruch et al. 1996; Doss et al. 2002; Lee et al. 
2003). 
It has been shown that Vip proteins differ in mechanism of action from the 
Cry proteins, particularly with respect to the receptor binding and ion channel 
properties, and both of them do not compete for binding sites (Lee et al. 2003; Sena et 
al. 2009; Gouffon et al. 2011). Additionally, very low levels of cross-resistance 
between Vip3A and Cry1 proteins have been reported (Lee et al. 2006; Mike et al. 
2006; Bommireddy et al. 2007). These useful properties make Vip3 proteins 
competent candidates for broadening the host range of B. thuringiensis and for coping 
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up with the problem of insect resistance to Cry proteins (Mehlo et al. 2005; Sena et al. 
2009; Bravo et al. 2011). 
B. thuringiensis JK37 is a native isolate obtained from maize fields at Kalgi of 
Kashmir valley, India. In vitro bioassays have demonstrated that this strain is highly 
toxic to Helicoverpa armigera, an economically important polyphagous pest (Chapter 
IV). PCR screening of the JK37 revealed that the strain harbors vip3A gene. 
Considering the importance of Vip3A proteins in terms of their insecticidal activity, 
complete coding sequence (CDS) of vip3Aa61 gene from JK37 was cloned and 
expressed in Escherichia coli. The activity of the partially purified protein was 
evaluated against 2nd instar larvae of H. armigera. 
Materials and methods 
Bacterial strains and DNA manipulation 
B. thuringiensis strain JK37 used as a source of vip3Aa61 gene was isolated 
from soil of maize field (Chapter IV). E. coli strain DH5α (Bethesda Research 
Laboratories, USA) was used as host for routine cloning and E.coli strain BL21 (DE3) 
(Novagen, USA) was used as host for expression studies. For experiments, both B. 
thuringiensis and E. coli strains were grown in LB medium at 30 °C and 37 °C, 
respectively. As necessary, LB medium was supplemented with 100 µgml-1 of 
ampicillin or 50 µgml-1 of kanamycin. Cultures were stored in frozen state at -80 °C in 
LB broth containing 20% glycerol. Genomic DNA was isolated by using GenElute 
Bacterial Genomic DNA Kit (Sigma-Aldrich, USA) as per the manufacturer’s 
instructions. Plasmid DNA of the clones was extracted by alkaline lysis miniprep 
protocol (Sambrook and Russell 2001). 
Cloning of full length vip3A type gene  
The complete ORF of vip3A gene was amplified from native B. thuringiensis 
JK37 strain with sense primer Vip3A1F–(5’ATGAACAAGAATAATACT-
AAATTAAGC 3’) and the antisense primer Vip3A1R–(5’ TTACTTAATAGAGAC-
ATCGTAAAAA 3’). The PCR reactions were performed with 25 µl mixture 
containing 100 ng of total DNA, 1x Advantage 2 PCR buffer, 10 pmol of each primer, 
1 µl of 50x dNTP mix, and 1 µl of 50x Advantage 2 polymerase mix (Clontech, 
USA). The reaction mixture was heated at 94 °C for 5 min followed by 30 cycles of 
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amplification at 94 °C for 1 min, 55 °C for 1 min and 72 °C for 2.5 min. After 
completion of 30 cycles, an additional extension step consisting of 10 min at 72 °C 
was performed. The 2.4 kb amplified fragment was cloned into pGEMT Easy vector 
(Promega, USA) and transformed into chemicompetent E.coli DH5α cells using 
standard procedure (Sambrook and Russell 2001). A clone was selected based on 
colony PCR using gene specific as well as T7 and SP6 universal primers followed by 
restriction digestion analysis of the recombinant plasmid. The clone was sequenced 
bi-directionally by primer walking to ensure that no mismatch was present in the 
insert, the clone after confirmation was designated as pGEMT–Vip3 JK37. The 
complete nucleotide sequence (2.4 kb) was submitted to the B. thuringiensis toxin 
nomenclature committee (Crickmore et al. 2016), which designated the isolated gene 
form B. thuringiensis JK37 as vip3Aa61. In order to ligate the insert into pET28a(+) 
vector, the sequences GGATCC and GTCGAC were added to the 5’ end of both 
Vip3A1F and Vip3A1R primers to create BamH1 and Sal1 restriction digestion sites, 
respectively. The full length ORF was amplified from the pGEMT–Vip3 JK37 using 
the modified primers, both the amplified product (vip3Aa61) and pET28a(+) vector 
were digested with BamH1 and Sac1 (New England Biolabs, USA). Following 
digestion, vip3Aa61 and pET28a(+) vector were agarose gel purified and ligated to 
obtain recombinant pET28a(+)–vip3Aa61. The expression construct thus obtained 
contained the full length vip3Aa61 gene under the control of T7 promoter. Positive 
clones were confirmed by kanamycin selection followed by restriction digestion 
analysis of recombinant pET28a(+)–vip3Aa61 plasmid. The recombinant construct 
was transformed into chemi-competent E. coil BL21 (DE3) cells to obtain 
recombinant E. coli BL21 containing pET28a(+)–vip3Aa61. 
Vip3Aa61 protein expression 
The recombinant E. coli BL21 strain containing pET28a(+)–vip3Aa61 and 
control strain E. coli BL21 (pET28a(+) were pre-cultured overnight at 37 °C, 200 rpm 
in LB broth containing kanamycin at 50 µg ml-1. An aliquot (1/100 dilution) of the 
primary culture was inoculated into 20 ml of fresh LB-kan+ broth and incubated at 37 
°C for 2-3 h (OD600=0.6). Protein expression was induced by adding Isopropyl-β-D-
thiogalactopyranoside (IPTG) at 1 mM and incubation was continued for next 16 h, 
with aliquots being collected at regular intervals. Protein extraction was performed as 
described by Palma et al. (2013); briefly, samples were centrifuged at 5000×g for 10 
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min at 4 °C and the resulting pellet weighed and resuspended with 3 ml solubilisation 
buffer per gram of pellet, containing 20 mM sodium phosphate buffer pH 7.4, 0.5 M 
NaCl, 3 mgml-1 lysozyme and 100 µM phenylmethylsulfonyl fluoride (PMSF). 
Samples were further incubated at 37 °C for 1 h and sonicated on ice with a Branson 
analog sonifier 250 (Branson Ultrasonics Corporation, Danbury, USA) by applying 
two 1-min pulses with constant duty cycle at 30 W and separated by a 1-min cooling 
period. The suspended solid material was removed by centrifugation at 12000×g for 
30 min, at 4 °C and the supernatant was purified by passing through sterile 0.45 and 
0.22 µm syringe filters.  
SDS-PAGE and immunoblotting 
The molecular mass of the expressed protein was analysed by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and by Western blot using 
anti-His-tag antibodies (Applied Biological Materials, Canada) (Sambrook and Russel 
2001). An un-induced colony of recombinant E. coli BL21 was used as control. The 
concentration of the protein was assessed by Bradford method (Bradford 1976). For 
Western blot, 25 µg of Vip3Aa61 solubilized in phosphate buffer (pH 7.4) was 
separated by 10% SDS-PAGE and transferred onto PVDF membrane (Biorad, USA) 
in transfer buffer (25 mM Tris, 190 mM Glycine) at 15 V, 4 °C overnight. The 
membrane was blocked in 5% BSA in TSW buffer (10 mM Tris-Cl, 0.9% NaCL, 
0.1% Tritox X, 0.02% SDS) for 1 h in rocker at room temperature and then incubated 
with primary antibody (anti His, 1:4000 in TSW) for 1 h. The membrane was washed 
thrice with TSW buffer, leaving each time for 10 min, followed by incubation with 
secondary antibody (anti-goat IgG alkaline phosphatase conjugate, 1:4000 in TSW) 
for 1 h in rocker at room temperature. The membrane was washed thrice as described 
and the color was developed using 5-bromo-4-chloro-3-indolyl phosphate-Nitro blue 
tetrazolium tablets (Sigma Fast BCIP/NBT, Sigma, USA) as alkaline phosphatase 
substrate. 
Insect toxicity assays 
Bioassays were conducted with 2nd instar larvae of the gram pod borer (H. 
armigera). The larvae were initially reared on natural diet consisting of chick pea 
leaves and pods and subsequently maintained on artificial diet as described in Chapter 
II. The activity of Vip3Aa61 was initially estimated using a 50-µl samples of the 
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concentrated protein by surface contamination method (Ignoffo 1965). Gradient 
concentrations of the expressed Vip3Aa61 protein were used to determine the 50% 
lethal concentration (LC50) for H. armigera. Each concentration of the toxin was 
loaded into 24 well plates (50 µl per well) containing pre-solidified artificial diet and 
allowed to dry aseptically followed by transferring 2nd instar larvae (one per well). A 
preparation from E.coli Bl21 strain with pET28a(+) was used as negative control. 
Bioassays were conducted at 25 oC, 50 ± 10% relative humidity, with 14 h 
photoperiod. The assays were set in triplicate and larval mortality was recorded after 7 
days. The mortality results were subjected to Probit analysis (Finney 1971) using IBM 
SPSS Statistics ver.19.0.0 for windows. Differences between LC50 values were 
considered statistically significant when fiducial limits did not overlap. 
Results  
Cloning and sequence analysis of vip3A gene 
Due to the remarkable insecticidal activity and the presence of vip3A gene 
shown by the B. thuringiensis strain JK37 (Chapter IV), a vip gene named vip3Aa61 
was cloned and characterized from this strain. The primers used for full length gene 
amplification were designed from the most similar sequences based on BLAST hit 
sequences, as a result the complete ORF of vip3Aa61 was cloned into pGEMT Easy 
vector. Colony PCR and restriction digestion (Fig. 1) of the positive clones validated 
that we had cloned vip3Aa61 gene from B. thuringiensis JK37 successfully. The 
resultant recombinant plasmid on sequencing yielded an open reading frame of 2370 
bp encoding a protein of 790 amino acid residues. The predicted molecular mass of 
the protein was equal to 89 kDa. BLASTp analysis of the amino acid sequence 
indicated that it had up to 99% identity to the known Vip3Aa sequences. The deduced 
amino acid sequence of Vip3Aa61 was compared with the representatives of all 
known subclasses of Vip3A (Fig. 2). Vip3Aa61 has several amino acid substitutions 
with the known Vip3A proteins, the substitutions were more towards the C-terminus 
than N-terminus of the protein sequences (Fig. 2). Even within the Vip3Aa 
subclasses, Vip3Aa61 showed presence of divergent amino acids (17 with Vip3Aa1 
and vip3Aa60 and 15 with vip3Aa55). The sequence designated as vip3Aa61 became 
a new member of Bt toxins and the sequence was deposited in GenBank with 
accession number KU522245. 
Chapter -V 
106 
Heterologous expression of pET28a(+)–Vip3Aa61 and western blot analysis 
The vip3Aa61 gene was cloned downstream of the T7 promoter in the 
pET28a(+) vector. The IPTG induced E. coli strain containing recombinant 
pET28a(+)–Vip3Aa61 and E. coli strain containing pET28a(+) after sonication were 
analysed by SDS-PAGE. A major band of 89 kDa was produced by E. coli strain 
containing recombinant pET28a(+)–Vip3Aa61, which was absent in the E. coli strain 
containing pET28a(+) and the intensity of the band continued to increase from 2 to 16 
h (Fig. 3a). The predominant 89 kDa band yielded a positive signal with anti-His-tag 
antibodies in Western blot analysis (Fig. 3b). These results demonstrate that the His-
tagged Vip3Aa61 was expressed consistently in E. coli, and its expression was 
regulated and induced efficiently by IPTG. 
Insect bioassay 
Preliminary bioassays using higher concentrations of the recombinant protein 
indicated that Vip3Aa61 at 400 ngcm-2 of diet was as effective as 500 ngcm-2 of diet 
against the 2nd instar larvae of H. armigera. Therefore, LC50 estimates were 
determined by exposing larvae to six different concentrations with 400 ngcm-2 of diet 
being the maximum. The LC50 estimates observed against 2
nd instar larvae of H. 
armigera was 169.63 ngcm-2 with 95% confidence limits of (90.21-368.74) ngcm-2. 
Larvae on the diet smeared with the protein isolated from E.coli cells carrying 
pET28a(+) vector only showed no mortality. 
Discussion 
The preliminary bioassays carried out in vitro with culture supernatants from 
B. thuringiensis JK37 had indicated that the strain was effective against the infamous 
lepidopteran pest H. armigera (Chapter IV). Genomic PCR of B. thuringiensis JK37 
isolate using primers vip1 and vip2 (Selvapandiyan et al. 2001) amplified a 700 bp 
fragment (Chapter IV), the amplicon on sequencing confirmed the presence of vip3A 
gene (KU522245). Among the different B. thuringiensis insecticidal genes deployed 
for insect pest control, vip3A holds a unique position owing to its different mode of 
action to the more commonly used cry genes (Estruch et al. 1996). Besides its high 
toxicity to a variety of lepidopteran pests, inclusion of Vip3A into insect control 
program may assist in solving the problem of endotoxin resistance development (Lee 
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et al. 2003). Considering the importance of vip3A gene in terms of its effectiveness 
against many lepidopteran pests and especially against H. armigera, full-length vip3A 
gene was cloned from B. thuringiensis JK37 strain and characterized. 
The primers used for full length gene amplification were designed from the 
most similar sequences based on BLAST hit sequences. Subsequently, the vip3A gene 
harboured in B. thuringiensis JK37 was cloned, sequenced and designated as 
Vip3Aa61. Multiple sequence alignment of Vip3Aa61 amino acid sequence with the 
previously reported Vip3A sequences showed variations (Fig. 2). It has been reported 
previously that changes in one or more amino acid residues of Vip3A proteins could 
affect protein insecticidal activity (Estruch et al. 1996; Selvapandiyan et al. 2001; 
Doss et al. 2002) and therefore different regions of Vip3A protein may confer 
different insecticidal activities (Liu et al. 2007). Our finding of novel Vip3A protein, 
with different amino acid residues may significantly contribute to the control of H. 
armigera. However, to determine which amino acid residues among them was 
important for insecticidal activity remains to be established. The entire coding region 
of vip3Aa61 using pET28a(+) vector was expressed in E.coli strain BL21. The 
amount of Vip3Aa61 protein increased with time (Fig. 3a) and the presence of 
Vip3Aa61 protein was confirmed by Western blot using anti-His antibody (Fig. 3b). 
Similarly, the stable expression of various subclasses of Vip3 proteins in E.coli has 
been reported previously (Slevapandiyan et al. 2001; Doss et al. 2002; Ruiz de 
Escudero et al. 2014) 
H. armigera, a polyphagous noctuid insect pest infests more than 180 plant 
species belonging to 45 families (Fitt and Wilson 2000; Yang et al. 2013) inflicting 
heavy economic losses (CABI, EPPO, 1996; Tay et al. 2013; Warren 2013). 
Additionally, the pest has rapidly developed resistance to chemical insecticides (Fitt 
and Wilson 2000, Yang et al. 2013) and of late even resistance to genetically modified 
crops expressing insecticidal proteins from B. thuringiensis have been documented 
(Downes et al. 2010; Tabashnik and Gould 2012). However, the susceptibility of the 
pest to different Vip3 proteins has been reported (Doss et al. 2002; Palma et al. 2013). 
In order to determine whether Vip3Aa61 protein was active against the Helicoverpa 
population, a qualitative assessment was first carried out using relatively higher 
concentrations (400-600 ngcm-2 of diet) of the protein. The larval mortality observed 
was at least 85% of the total insects tested (data not shown). The qualitative results 
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were quantified by further performing concentration-mortality assays, which involved 
using gradient of protein concentrations. The LC50 values (169.63 ngcm
-2) thereby 
obtained proved that Vip3Aa61 is highly toxic to H. armigera, a species gaining 
resistance to Cry proteins (Tabashnik et al. 2013). Marked differences between 
absolute values of LC50 (155 ngcm
-2 to 2.5 µgcm-2) for different Vip3 proteins against 
H. armigera have been documented (Doss et al. 2002; Liao et al. 2002; Chen et al. 
2003; Liu et al. 2007; Shingote et al. 2013; Ruiz de Escudero et al. 2014). The 
differences in the activity among these proteins are primarily due to the changes in the 
amino acid sequences, or due to the altered sensitivity of the geographically distinct 
populations of the same insect species (H. armigera) (Ruiz de Escudero et al. 2014). 
One or combination of other factors such as larval stage, method of bioassay 
employed, insect diet composition, level of processing of toxins, the quantification 
method used, and the temperature at which bioassays were carried out may also 
influence the LC50 values observed (Doss et al. 2002). 
Conclusion 
Since the experiments were conducted under controlled laboratory conditions 
using artificial diet, the inevitable effects of the predators, parasitoids and 
phytochemicals present on the plant surfaces commonly encountered in the field 
experiments were evaded. In order to endorse the persistence of the interactions 
observed in this study, the protein should be further tested by expressing it in the plant 
system. In this study, Vip3Aa61 protein has been tested against one of the most 
destructive lepidopteran pests that is also gaining resistance to Cry proteins. Present 
findings demonstrate the high insecticidal potential of Vip3Aa61, thereby increasing 
the prospective for its use in synergy with Cry proteins for improved crop protection. 
The study specifies the importance of continuous exploration of novel Vip proteins, 
hence should be considered complementary to the studies dealing with exploration 
and characterization of novel insecticidal toxins. 
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Fig. 1. Cloning of vip3Aa61 gene from B. thuringiensis JK37 (a) PCR amplification 
of vip3Aa61 (M indicates 1 kb DNA ladder (Fermentas), Lane 1, PCR product) (b) 
Plasmid isolation of clones (Lanes 2-4) (c) Restriction digestion (Lanes 5, 6 pGEMT–
Vip3Aa61 plasmid digested with EcoRI, Undigested pGEMT–Vip3Aa61 plasmid (d) 
Restriction digestion (Lanes 7, 8 pET28a(+) plasmid with BamHI and SacI, 
Undigested pET28a(+) plasmid (e) Gel purification (Lanes 9, 10 digested pET28a(+) 
plasmid and vip3Aa61 insert) (f) Restriction digestion (Lanes 11, 12 Undigested 
pET28a(+)–Vip3Aa61 and pET28a(+)–Vip3Aa61 digested with BamHI and SacI). 
1.0% agarose/EtBr gel. 
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Fig. 2. Multiple sequence alignment of the Vip3Aa61 sequence tested in this study 
with the representatives from each subclass of Vip3A. Sequence identity is indicated 
by shading: dark coloured areas indicate conserved while as the light coloured 
(unshaded) ones indicated divergent amino acids. The numbers indicate amino acid 
position.  
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Fig. 3. SDS-PAGE (a) and Western blot (b) analysis of E. coli BL21 harbouring 
pET28(+)–vip3Aa61 induced with IPTG. Lanes, M: marker; 0h: pET28a(+)–
Vip3Aa61 without IPTG induction; 2h, 4h, 6h, 16h: pET28a(+)–Vip3Aa61 for 2, 4, 6, 
16 h cultivation with IPTG induction. 
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Introduction  
Metabolically important genes present in certain isolates of a particular 
bacterial species but absent or substantially different in other isolates of the same 
species can be of great biological interest. Prokaryotic genomes, due to their more 
frequent events of gene acquisition and gene loss vary with respect to their gene 
content (Doolittle 1999; Koonin et al. 2000; Boucher et al. 2001). Significant genetic 
differences even between strains of the same species have been reported, particularly 
in pathogens (Fitzgerald and Musser 2001; Read et al. 2001). Due to the high cost, 
sequencing entire genomes of several strains of a species is expensive. Alternative 
approaches like micro and macroarray hybridizations are being used to characterize 
genomes of several “unsequenced” bacteria when a “sequenced” close relative is 
available (Nesbo et al. 2002). These approaches, although efficient at identification of 
genes from “unsequenced” bacteria having high DNA sequence similarity to that of 
fully sequenced relatives, do not provide direct sequence information (Nesbo et al. 
2002). 
Suppressive subtractive hybridization (SSH) is a PCR-based DNA subtraction 
method that was originally developed for generating differentially regulated or tissue-
specific cDNA probes and libraries (Diatchenko et al. 1996). However, its use has 
been successfully extended to the studies on bacteria, particularly for the 
identification of virulence related genes (Akopyants et al. 1998). The SSH works on 
the principle that one genome is supposed to be containing additional genes called the 
“driver” in comparison to the other genome the “tester”. The resulting portions 
specific to the “tester” are augmented by PCR, cloned and sequenced. SSH has been 
successfully used to identify differences in genomic sequences in certain strains of 
Helicobacter pylori (Akopyants et al. 1998), Escherichia coli (Janke et al. 2001; 
Zhang et al. 2000), Campylobacter jejuni (Ahmed et al. 2002) and also between 
Bacillus anthracis and B. cereus/B. thuringiensis (Dwyer et al. 2004) 
In the present study, we used PCR enabled suppressive subtractive 
hybridization (SSH) to identify the differences between two strains of Bacillus 
thuringiensis, viz. B. thuringiensis strain JK37 and B. thuringiensis strain HD1. Both 
are native strains, the former was isolated from agricultural field (Chapter IV) and the 
latter, the most widely used strain in insect pest control was obtained from Bacillus 
genetic stock committee, Ohio. Strains Bt JK37 and Bt HD1 are closely related at 
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least with respect to the presence of both cry1 and vip3 classes of insecticidal genes 
and both are pathogenic to Helicoverpa armigera, a polyphagous lepidopteran insect 
pest (Chapter IV). However, marked differences in lethal concentration 50 (LC50) 
values were observed between the two strains. The B. thuringiensis JK37-specific 
chromosomal sequences acquired reveal its genomic differences with B. thuringiensis 
HD1. These sequences can be exploited for the development of strain specific 
markers. 
Materials and methods 
Bacterial strains and genomic DNA manipulation 
Two strains of B. thuringiensis were used in this study. B. thuringiensis JK37 
was isolated from soil in this study (Chapter IV) and B. thuringiensis HD1 was 
obtained from Bacillus genetic stock committee (BGSC), Ohio state university, USA. 
Escherichia coli ElectroMAX DH10B (Invitrogen, USA) cells were used for 
transformation by electroporation. For experiments, both B. thuringiensis and E. coli 
strains were grown in LB medium at 30 °C and 37 °C, respectively. As necessary, LB 
medium was supplemented with 100 µgml-1 of ampicillin. Cultures were stored as 
frozen cultures at -80 °C in LB broth containing 20% glycerol. Genomic DNA was 
isolated by using GenElute Bacterial Genomic DNA Kit (Sigma-Aldrich, USA) as per 
the manufacturer’s instructions. 
Suppressive subtractive hybridization 
B. thuringiensis strain JK37 was subtracted from control B. thuringiensis 
strain HD1, using PCR-select Bacterial Genome Subtraction Kit (Clontech, USA) as 
per manufacturer’s instruction with some modifications such as, the hybridization 
temperature was reduced to 42 °C to accommodate the low G + C content of B. 
thuringiensis, the number of cycles for primary and secondary PCR were 25 and 15, 
respectively. The TA based vector used for ligating subtracted sequences was pGEM-
T Easy vector (Promega, USA) and the ligated product was transformed by 
electroporation into electro-competent E. coli ElectroMAX DH10B (Invitrogen, USA) 
according to the manufacturer’s protocol. Subtracted library clones were randomly 
selected by blue white screening and used as template for colony PCR to ascertain the 
size of the insert in each clone using T7 and SP6 universal primers. 
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DNA sequencing and bioinformatics analysis of sequences 
Sequencing of the clones was performed with T7 and SP6 primers using an 
AB1377 automated sequencer (Applied Biosystems, Boston, MA) and the BigDye 
terminator ready reaction kit (Perkin-Elmer Applied Biosystems, Foster City, CA). 
Vecsreen program of the NCBI database was used to remove the segment of 
sequences from vector origin in the EST sequences (www.ncbi.nlm.nih.gov-
/VecScreen). The normalized ESTs were further used for contig assembly by 
iAssembler (version: v1.3.2). iAssembler is a Perl based tool blended with other 
assembly program like CPA3 and MIRA, it can be used on either 32-bit or 64-bit 
Linux systems. It performs an iterative assembly and automated assembly error 
corrections to deliver highly accurate de novo assemblies of EST sequences. Further, 
assembled contigs were used for downstream sequence analysis for the functional 
annotation and categorization. We performed standalone blastx with E-Value 1e-03 to 
find the similar sequences for the contigs (Altschul et al. 1990). Further, blastx results 
were fetched in to Blast2GO program to find more descriptors like conserved domain, 
family and biological pathway for these contigs (Conesa and Gotz 2008). Blast2GO 
utilizes information obtained from various databases like InterProScan (Mulder and 
Apweiler 2007), KEGG (Kanehisa et al. 2016), UniProt (Apweiler et al. 2004) and 
GO (Harris et al. 2004) and performs automated electronic annotation by using 
following statistical method. 
DT = max (similarity × ECweight) 
AT = (GO − 1) × GOweight 
AR: lowest_node (AS (DT + AT) ≥ Threshold) 
Where, DT represents the highest similarity value among the hit sequences bearing 
this GO term, weighted by a factor corresponding to its evidence code (EC). 
AT-Annotation Term; represents the possibility of abstraction into the annotation 
algorithm. 
AS-Annotation score which is computed by using DT and AT. 
AR selects the lowest terms per branch that exceed the defined threshold. 
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Results  
Enrichment in sequences specific to B. thuringiensis strain JK37  
B. thuringiensis strain JK37 and B. thuringiensis strain HD1 belonging the 
same species must largely be similar to each other, but difference in their toxicity 
against lepidopteran pest H. armigera might be consequence of the presence of 
certain attributes in one of the strains and absence in the other. In order to quantify the 
genomic difference between two strains, genomic subtractive hybridization was used. 
SSH library were generated using RsaI-digested genomic DNA from B. thuringiensis 
strain JK37 as the tester and RsaI-digested genomic DNA from B. thuringiensis strain 
HD1 as the driver (Fig. 1, 2). The genome subtraction yielded a library of 576 clones, 
clones giving no amplicon or multiple amplicons on colony PCR analysis were 
discarded. To minimize repeated sampling of clones containing the same insert 
sequences, clones were further selected based on the size of the insert, the insert size 
of the clones ranged between 400-2000 bp (Fig. 3). Analysis of 369 subtracted 
sequences by BLASTX search showed that 319 sequences had significant similarity 
with annotated sequences in the non-redundant database of NCBI, out of which 31 
Contigs had similarity with Hypothetical proteins. 
Most of the contigs demonstrated very high similarity with sequences from 
Bacillus cereus, Bacillus mycoides, Bacillus thuringiensis, Bacillus pseudomycoides 
and Bacillus anthracis (Fig. 4). Further, over all annotation result indicated that 190 
out of 319 contigs had the information of their conserved domains available in Kyoto 
Encylopaedia of Genes and Genomes (KEGG) orthologos and Geno Ontology (GO) 
databases (Fig. 5). GO level distribution chart for the contigs shows that most 
sequences have between 5 and 15 GO terms annotated (Fig. 6). The second level GO 
annotation assigned, 202 contigs to the biological process, 145 to molecular function 
and 45 to cellular component categories. The major part of biological process 
category (37%) consisted of metabolic process, followed by (22%) cellular process 
and (20%) single-organism process (Fig. 7a). The molecular function predominantly 
(63%) consisted of contigs having catalytic activity followed by (28%) having 
binding activity (Fig. 7b). In the cellular component category the most prevailing 
(42%) consisted of cellular followed by membrane protein and macro-molecular 
component (Fig. 7c) 
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Discussion 
Two strains of B. thuringiensis were compared: B. thuringiensis JK37 (tester), 
and B. thuringiensis HD1 (driver), whose genome has been sequenced (Day et al. 
2014). Although SSH has proven to be a robust technique to study difference between 
strains of the same species (Nesbo et al. 2002), the differences augmented are more of 
metabolic nature. Most of the clones identified in this study had role in metabolism 
and overall growth regulation of the bacterium. The ESTs encoding the insecticidal 
genes were not found in the clones sequenced, which can be principally ascribed to 
the overall similarity in the genomes of both the strains. 
Here, we have been able to find some important gene which are very crucial for 
survival and some of which are indirectly linked to pathogenesis of B. thuringiensis 
towards insects. The major part of our findings consisted of gene involved in catalytic 
activity, which includes oxidoreductases, recombinases, isomerases, lyases, 
hydrolases and transferases. The contigs were validated for their possible function 
through available literature. Contig UN097 showed high similarity with 
methylmalonate-semialdehyde dehydrogenases from Bacillus subtilis. It is an 
oxidoreductase belonging to the CoA-dependent aldehyde dehydrogenases (ALDHs) 
and is involved in various crucial biological functions such as intermediary 
metabolism, cellular differentiation, detoxification and osmotic protection 
(Talfournier et al. 2011). It is also involved in catalysis of variety of aldehydes to their 
corresponding non-activated or CoA-activated acids. Contig UN222 showed 
similarity to murB gene of B. subtilis, which encodes UDP-N-
acetylenolpyruvoylglucosamine reductase, an important enzyme involved in 
peptidoglycan biosynthesis (Real and Henriques 2006). Further, murB has been 
reported to be involved in cell morphology, growth rate and resistance to cell wall-
active antibiotics. Moreover, coordinated expression of murB gene along with spoVE-
murG-divIB is important for normal growth and sporulation in genus Bacillus. Contig 
UN234 showed similarity with aldehyde dehydrogenase (ALDH) from B. 
thuringiensis X022. ALDH acts as a detoxification agent by removing aldehyde 
produced by over-oxidation of metabolites by facilitating transfer of aldehyde or oxo 
group to the NAD or NADP which acts as acceptor (Liu et al. 2015). Contig UN181 
showed similarity with DNA recombinases, it has been reported that recombinases 
facilitate the identification and base-pairing of homologous sequences between single-
stranded DNA and double-stranded DNA in Bacillus cereus group of organisms 
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which includes B. thuringiensis (Han et al. 2006). Another major portion of the 
contigs showing catalytic activity constituted of isomerases. Contig UN206 and 
UN239 showed similarity to DNA topoisomerases, the topoisomerases are involved in 
relaxing DNA by transiently cleaving either of the DNA strand(s) and passing another 
through nick by facilitating formation of covalent tyrosyl-DNA phosphodiester bond 
through a 5′ phosphate (Li et al. 2005). Contig UN312 showed similarity with UDP-
glucose 4-epimerase from B. cereus group which is essential for biosynthesis of N-
acetylgalactosamine (GalNAc) residue involved in binding of anthrose to collagen-
like glycoprotein called BclA present in exosporium of the Bacillus (Broach et al. 
2012). Contig UN336 may have lyase activity as it showed similarity with 
dihydroneopterin aldolase which have been reported to be involved in conversion of 
7,8-dihydroneopterin to 6-hydroxymethyl-7,8-dihydropterin in the folate biosynthetic 
pathway in Escherichia coli (Wang et al. 2006). Contig UN300 showed similarity 
with a hydrolases N-acetylmuramoyl-l-alanine amidase which has been reported to 
lyse mother cell wall and plays an important role in sporulation in B. subtilis (Shida et 
al. 2000). Contig UN027 showed similarity with ATP-dependent protease of B. 
thuringiensis which has been suggested to have role proteolysis of “unemployed” 
enzymes in the stressed condition which probably results in decrease in masses of 
other protein (Wu et al. 2011). Further, contig UN101 showed similarity with 
adenylylsulfate kinase which may be involved in sulphur metabolism (Handtke et al. 
2014). Contig UN009 may have N-acetyltransferase activity and play an important 
role in metabolism and detoxification of many compounds through chemical 
modification of the amine group with an acetyl group (Zhou et al. 2013).  
Conclusions 
The present study revealed few but significant differences between the 
chromosome of B. thuringiensis JK37 and that of B. thuringiensis HD1. The 
differences were predominantly observed in genes encoding proteins related to 
metabolism including cell wall biosynthesis in addition to ORFs encoding proteins of 
unknown function. We suggest that the combination of similar and divergent 
sequences are possibly important in enabling the creation of new genotypes in 
evolutionary terms. Such creations are result of frequent genetic recombination (by 
horizontal gene transfer) taking place in microorganisms that sometimes lead to 
changes in bacterial phenotype. More clones need to be sequenced in order to have a 
more realistic understanding of the differences in genomes of the two strains. 
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Fig. 1. Genome subtraction of B. thuringiensis JK37 with B. thuringiensis HD1. (a, b) 
Restriction digestion analysis (Lanes, 1, RsaI digested Bt JK37 genomic DNA; 2, 
Undigested Bt JK37 genomic DNA; 3, RsaI digested Bt HD1 genomic DNA; 4, 
Undigested Bt HD1 genomic DNA; 5, RsaI digested E. coli genomic DNA; 6, 
Undigested E. coli genomic DNA ) (c) Ligation efficiency analysis (Lanes, 7, PCR 
products obtained using Tester 1-1 (Adaptor 1-ligated Bt JK37) as template with 23S 
RNA Forward Primer and PCR Primer 1; 8, Tester 1-1 (Adaptor 1-ligated Bt JK37) as 
template with 23S RNA Forward and Reverse Primers; 9, PCR products obtained 
using Tester 1-2 (Adaptor 2R-ligated Bt JK37) as template with 23S RNA Forward 
Primer and PCR Primer 1; 10, PCR products obtained using Tester 1-2 (Adaptor 2R-
ligated Bt JK37) as template with 23S RNA Forward and Reverse Primers (d) 11, 
PCR products obtained using Tester 1-1 (Adaptor 1-ligated control E. coli genomic 
DNA) as template with 23S RNA Forward Primer and PCR Primer 1; 12, Tester 1-1 
(Adaptor 1-ligated control E. coli genomic DNA) as template with 23S RNA Forward 
and Reverse Primers; 13, PCR products obtained using Tester 1-2 (Adaptor 2R-ligated 
control E. coli genomic DNA) as template with 23S RNA Forward Primer and PCR 
Primer 1; 14, PCR products obtained using Tester 1-2 (Adaptor 2R-ligated control E. 
coli genomic DNA) as template with 23S RNA Forward and Reverse Primers. Lanes 
M1: 1kb DNA size markers (Fermentas); M2: λ HindIII digest (Fermentas), 2.0% 
agarose/EtBr gel. 
Chapter -VI 
119 
 
 
 
Fig. 2. Analysis of PCR products. Primary (Lanes 1, Subtracted experimental DNA 
(Bt JK37 post hybridization); 2, Unsubtracted tester control (Bt JK37 unhybridized); 
3, Subtracted control DNA from E. coli (E. coli post hybridization); 4, Unsubtracted 
tester control for the control subtraction (E. coli unhybridized); 5, PCR Control 
Subtracted DNA (Provided with the kit) and secondary PCR in the same order. Lane, 
M: DNA size marker (1kb (Fermentas). 2.0% agarose/EtBr gel.  
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Fig. 3. Colony PCR of the clones obtained after subtraction. (a), (b), (c), (d), indicate 
plates 1-4, respectively, showing PCR products of 96 clones each. Lane, M: DNA size 
marker (1kb (Fermentas). 2.0% agarose/EtBr gel.  
 
 
 
 
 
Chapter -VI 
121 
 
 
Fig. 4. Bar diagram showing the total number of contigs analysed and annotated. 
 
Fig. 5. BLAST hit results of the analysed sequences, showing similarity to different 
genera with Bacillus being the most frequent.  
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Fig. 6. Functional annotations of the sequences, most of the sequences are 5 to 15 
annotated term and among all three type of annotation contigs have been functionally 
more defined.  
 
 
Fig. 7a. Distribution of annotated sequences, major part of the annotated contigs is 
involved in biological process followed by single-organism process.  
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Fig. 7b. Distribution of molecular function annotations of the contigs, catalytic 
activity is the most predominant followed by binding activity.  
 
 
Fig. 7c. Distribution of cellular function, contigs involved in cytoplasmic and 
membrane protein function are predominant. 
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A major bottleneck in achieving the global food security is the competition 
from the insect pests. The problem is more severe in tropics and sub-tropics, where 
the climate is highly favourable for the dwelling of wide range of insects. Insects 
represent the most diverse and adaptable animal species on earth (Imms 1964). 
Although, majority of the insects are innocuous to humans and the ecosystem, a few 
(less than 0.5%) species are considered as pests. Insect pests damage crops 
extensively often leading to economic losses. The major damaging insect pests belong 
to Lepidoptera (Pimental 2009), and Helicoverpa armigera is one of the most 
significant lepidopteran pests with potential to attack more than 180 species of plants 
(Tang et al. 2013). It is widely distributed in Asia, Europe, Africa and Australasia 
causing damages worth 2 billion US dollars annually, excluding the socio-economic 
and environmental costs associated with the use of chemical insecticides and the 
introduction of GM crops (CABI, EPPO 1996, Tay et al. 2013; Warren 2013). The 
most common method to control insect pest populations is the use of chemical 
insecticides (Organochlorine compounds, organophosphates, carbamates, pyrethroids, 
formamides etc.). Chemical insecticides although rapid in action often kill non-target 
animals and over the years their extensive used led to their accumulation in 
environment and development of insect resistance (Glazer and Nikaido 1995; Aktar 
2009; reviewed in Shishir et al. 2014). Many insect pests including H. armigera have 
over the years developed resistance to various chemical insecticides (Fitt and Wilson 
2000; Yang et al. 2013). The growing public concern and stringent environmental 
regulations have led to an increased interest in alternative eco-friendly pest control 
measures.  
One of the most promising alternatives to the manmade chemical pesticides is 
the use to natural insect pathogen, Bacillus thuringiensis (Bt). The entomopathogenic 
potential of Bt is primarily due to its ability to produce insecticidal crystalline proteins 
(Cry and Cyt) (Schnepf et al. 1998) and in certain cases due to the production of 
vegetative insecticidal proteins (Vips) (Estruch et al. 1996). The crystalline and 
vegetative insecticidal proteins are respectively produced during the sporulation and 
vegetative stages of growth. Upto January 2016, seventy four classes of Cry proteins 
(Cry1 to Cry74), three classes of Cyt proteins (Cyt1-Cyt3) and four classes of Vip 
proteins (Vip1-Vip4) have been designated based on their amino acid sequence 
homology (Crickmore et al. 2016). These toxins are highly specific in action, 
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harmless to humans and other vertebrates and are biodegradable. The reasons for 
increased acceptability of Bt over synthetic insecticides are due to the non-selective 
deleterious effects of chemicals (Moser and Obrycki 2009; Kristoff et al. 2010; Shah 
and Iqbal 2010; Eriksson and Wiktelius 2011; Stevens et al. 2011) and the emergence 
of resistance in insect pests against the synthetic insecticides (Ahmad et al. 2008). For 
the said reasons, continuous efforts are being made to isolate novel B. thuringiensis 
strains with distinctive host range or higher toxicity potential.  
Presently, there are more than 50,000 known strains of B. thuringiensis 
isolated from diverse environments around the world (Sadder et al. 2006; Ozturk et al. 
2008). These strains exhibit varying degree of toxicity against different pests. Despite 
the availability of such large collection of B. thuringiensis strains and their 
insecticidal genes, three events have rendered the search for novel insecticidal 
strains/genes more urgent. First, a significant number of pests are not controlled with 
the available Cry proteins. Second, at times the level of expressed toxins is not high 
enough to kill the host and third, after many years of successful use in the field, the 
first cases of resistance to B. thuringiensis have appeared (Noguera and Ibarra 2010). 
Characterization of novel B. thuringiensis strain collections from diverse ecological 
niches of the world have great importance in analysing the distribution and diversity 
of toxin producing strains in nature. Moreover, the evaluation of their toxicity 
potential against various insect pests may help in understanding their role in the 
environment. Taking into account Bt. deployment strategies it is therefore 
indispensable to search for new strains with a varied host range spectrum to combat 
threat of resistance development. 
Jammu and Kashmir (32° 00'- 36° 10' North and 73° 22' - 77° 40' East) falls in 
the great North-Western, complex of the Himalayan ranges having complex 
geomorphology. Kashmir or the Jhelum Valley is situated between the Pir Panjal 
range and the Zanskar range and has an area of 15220 sq kms. The variations in 
topographical features along longitude, latitude and altitude of the region create 
climatic variations resulting in unique and rich biodiversity (Ray et al. 2011), thereby 
making this North-Western Himalayan region a critical biodiversity hotspots of the 
world. These distinctive features and diversity of insects in the region provide an 
opportunity for prospecting novel B. thuringiensis strains with novel combinations of 
crystalline protein coding genes having wide insecticidal spectrum. 
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The ecological distribution of this bacterium in Jammu and Kashmir region 
remains largely unexplored. The aim of this study was to isolate B. thuringiensis 
strains from Jammu and Kashmir region and to assess their geographical diversity 
with respect to the presence of insecticidal gene content and insecticidal activity. The 
strains were characterized based on the presence of protein crystals, SDS-PAGE 
analysis, PCR analysis to identify different insecticidal gene combinations and 
toxicity screening against lepidopteran pest, H. armigera.  
The findings of the study along with their explanations are summarized as: 
I. Characterization of native B. thuringiensis isolates from soil for the 
presence of crystalline proteins 
i. Eighty nine isolates analysed in this study were recovered from 207 soil samples 
collected from three zones consisting of ten locations of North-Western 
Himalayas. Sites with no history of use of Bt or its products were selected. Fifty 
six isolates were found to synthesize crystal protein during sporulation by phase 
contrast microscopy. Parasporal crystals were classified into four morphological 
classes based on SEM observations: bipyramidal, spherical, cuboidal and irregular 
types. The average Bt index of the study was 0.62. 
ii. B. thuringiensis strains were characterized by assessing the number and type of 
cry and/or cyt genes (PCR analysis) and the number and size of Cry and/or Cyt 
protein bands (SDS-PAGE analysis). 
iii. PCR screening using 8 pairs of specific primers was performed to detect 7 cry and 
2 cyt gene families. Strains containing cry1 gene were the most abundant (57.1%) 
followed by cyt2 (46.42 %), cry11 (37.5%), cry2 (28.57%), cry4 (21.42%), cyt1 
(19.64%), cry3 (8.9%), cry7, 8 (7.14%); and 30.35% of the strains did not react 
with any of the primers tested. Combination of more than one class of genes was 
observed among the strains. 
iv. SDS-PAGE analysis revealed great diversity with respect to the number and size 
of protein bands observed, even strains from the same sample showed diverse 
protein profiles. The protein profiles of the isolated strains was compared to that 
of B. thuringiensis 4D1. Most of the strains (42.8%) showed protein composition 
resembling to that of Lepidoptera-toxic B. thuringiensis subsp. kurstaki consisting 
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of two major protein bands of 130 kDa and 65 kDa approximately. 28.5% of the 
isolates showed the presence of major polypeptide of 65-70 kDa resembling 
Diptera toxic B. thuringiensis subsp. israelensis, while 14.28% isolates 
represented a unique profile consisting of major polypeptides of 110 kDa and 30 
kDa. 
v. Toxicity screening against H. armigera was conducted in parallel to the PCR 
analysis, all the 56 B. thuringiensis strains were subject to bioassays. Barring four 
isolates (JK12, JK22, JK48, JK72), which killed 94-99% of Helicoverpa larvae 
within 7 days, preliminary screening revealed different levels of toxicity among 
the isolates with mortality ranging from 0-99%. These potentially toxic isolates 
were subjected to additional bioassays to determine the LC50 concentrations using 
B. thuringiensis kurstaki (HD1) as positive control. The LC50 values of native 
isolates ranged from 184.625 to 259.937 µg mL-1, while as that of HD1 was 
195.323 µg mL-1. Although LC50 of all the native isolates was comparable to that 
of HD1, JK12 was found to be the most potent, showing least LC50 (184.625 µg 
mL-1) compared to other native isolates and to that of positive control (HD1). 
B. thuringiensis presents great diversity with respect to their crystalline protein 
content and insecticidal activity even in the isolates from same soil sample. The 
diversity and activity might have relationship with the geographical location of the 
samples. An important characteristic observed in this study was the presence of more 
than one cry/cyt genes in many of the isolates, with differences in terms of their host 
range. Moreover, the presence of cry/cyt genes from different groups were also 
observed in the same strain, suggesting that some of these strains (particularly Bt 
JK12) after proper evaluation against different insect species can be developed into 
broad spectrum biopesticides. Seventeen of the Bt isolates in the collection did not 
interact with the eight primer pairs tested, and were also not toxic to H. armigera. The 
results of the present study confirm the significance of continuous exploration of new 
Bt strains from different ecological regions of the world. 
II. Characterization of native B. thuringiensis isolates from soil for the 
presence of vegetative insecticidal proteins 
i. Eighty six bacterial isolates were obtained by acetate-penicillin selection 
method and were characterized for the presence of crystals by phase 
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contrast microscopy. Forty four of the isolates were identified as crystal 
producing and recorded B. thuringiensis index of 0.51 (Bt index: ratio 
between number of B. thuringiensis colonies and total number of 
sporulating colonies examined). 
ii. All the bacterial isolates were further identified based on the sequencing of 
16S rRNA gene. Of the 86 isolates tested, 80 showed maximum identity 
with Bacillus sp., only 6 isolates were identified as non-Bacillus viz. JK51, 
JK69, JK77, JK83, JK86 and JK95. Among the Bacillus isolates, B. 
thuringiensis was the most abundant (44) followed by B. megaterium (14), 
B. aryabhattai (13), B. simplex (2), B. subtilis (2), Lysinibacillus 
sphaericus (2), B. flexus (1), B. methylotrophicus (1), B. pumilus (1). 
iii. Forty four B. thuringiensis strains from Kashmir Valley were screened for the 
presence of vip1, vip2 and vip3 genes by using gene specific primers. The 
desired amplified products were purified and sequenced, the sequences on 
BLAST analysis showed identity to the corresponding reported sequences. 
iv. Isolates from three different soil types showed heterogeneous distribution of 
vip genes. Isolates from forest soils harboured the maximum, while lake 
sediment contained the minimum number of vip gene combinations. vip3A 
gene was present in isolates from all the three regions. However, the 
percentage of vip3A varied among the regions. Though vip1 and vip2 are 
binary toxins, some Bt strains harboured either vip1-type genes or vip2-
type genes. 
v. The vip gene sequences obtained from the Kashmir Valley in general were too 
conserved (showing more than 45% similarity to the existing vip 
sequences) to be assigned a new class, however the vip1 and vip2 
sequences showed adequate differences (showing similarity of 64%) in 
amino acid sequence from the already reported sequences as analysed by 
protein BLAST and multiple sequence alignment compared to vip3 gene 
sequences which were found to be highly conserved (showing similarity of 
99% to the reported vip3 sequences). 
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vi. All the 44 B. thuringiensis isolates and the reference strain HD1 were subject 
to toxicity analysis against H. armigera. Based on the toxicity screening 
using higher doses they were arbitrarily classified as non-toxic, moderately 
toxic and toxic. Only seven isolates (15.90%) and a control strain achieved 
a score greater than 2 and were considered as toxic (JK17, JK18, JK20, 
JK37, JK65, JK66, JK88 and HD1). Though there was high magnitude 
difference in the LC50 values among the tested strains, all of them showed 
higher LC50 values compared to the reference strain HD1. Individual LC50s 
for Helicoverpa exposed to Vip3A toxins from different native isolates 
ranged from 115.968 ngcm-2 to 246.605 ngcm-2, while, the HD1 strain 
showed the lowest LC50 value of 105.759 ngcm
-2 against Helicoverpa. The 
statistical results showed that the insecticidal activity of JK37 and JK88 
are close to that of the standard strain HD1. 
To the authors’ knowledge, this is the first systematic report on the diversity and 
distribution of vip gene sequences and the toxicity analysis against Helicoverpa in the 
locally isolated Bt strains of the Kashmir valley. The study enriched the diversity of 
available vip genes, which thereby could broaden the spectrum of activity of Vip class 
of proteins and facilitate their application for pest management. We have developed a 
large and diverse B. thuringiensis strain collection with huge potential to control. The 
29.54% of the isolates that did not show amplification with any of the primers tested 
are of particular interest. Two B. thuringiensis strains JK37 and JK88 isolated in this 
study showed high toxicity towards H. armigera. These isolates have the potential to 
be developed as novel microbial biopesticides. 
III. Cloning and characterization of a novel Vip3A protein from B. thuringiensis 
strain JK37 
i. Due to the remarkable insecticidal activity and the presence of vip3A gene 
shown by the B. thuringiensis strain JK37, the complete ORF of a vip3A gene 
was amplified and cloned from it. The resultant recombinant plasmid on 
sequencing yielded an open reading frame of 2370 bp encoding a protein of 
790 amino acid residues. The predicted molecular mass of the protein was 
equal to 89 kDa. BLASTp analysis of the amino acid sequence indicated that it 
had up to 99% identity to the known Vip3Aa sequences. The complete 
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nucleotide sequence (2.4 kb) was submitted to the B. thuringiensis toxin 
nomenclature committee, which designated the isolated gene form B. 
thuringiensis JK37 as vip3Aa61. 
ii. The deduced amino acid sequence of Vip3Aa61 was compared with the 
representatives of all known subclasses of Vip3A. Vip3Aa61 has several 
amino acid substitutions with the known Vip3A proteins, the substitutions 
were more towards the C-terminus than N-terminus of the protein sequences. 
Even within the Vip3Aa subclasses, Vip3Aa61 showed presence of divergent 
amino acids (17 with Vip3Aa1 and vip3Aa60 and 15 with vip3Aa55). The 
sequence designated as vip3Aa61 became a new member of Bt toxins and the 
sequence was deposited in GenBank with accession number KU522245. 
iii. The complete ORF of vip3Aa61 was cloned into expression vector pET28a(+), 
the expression construct thus obtained contained the full length vip3Aa61 gene 
under the control of T7 promoter. The recombinant construct was transformed 
into E. coil BL21 (DE3) cells to obtain recombinant E. coli BL21 containing 
pET28a(+)–vip3Aa61. 
iv. Vip3Aa61 protein expression was induced by IPTG and expression was 
confirmed by SDS-PAGE and Western blot analysis. A major band of 89 kDa 
was produced by E. coli strain containing recombinant pET28a(+)–Vip3Aa61, 
which was absent in the E. coli strain containing pET28a(+). The predominant 
89 kDa band yielded a positive signal with anti-His-tag antibodies in Western 
blot analysis. These results demonstrate that the His-tagged Vip3Aa61 was 
expressed consistently in E. coli, and its expression was regulated and induced 
efficiently by IPTG. 
v. Insecticidal activity of the expressed Vip3Aa61 protein was evaluated against 
2nd instar larvae of H. armigera. Preliminary bioassays using higher 
concentrations of the recombinant protein indicated that Vip3Aa61 at 400 ng 
cm-2 of diet was as effective as 500 ng cm-2 of diet against the 2nd instar larvae 
of H. armigera. Therefore, LC50 estimates were determined by exposing larvae 
to six different concentrations with 400 ng cm-2 of diet being the maximum. 
The LC50 estimates observed against 2
nd instar larvae of H. armigera was 
169.63 (90.21–368.74) ng cm-2. Larvae on the diet smeared with the protein 
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isolated from E.coli cells carrying pET28a(+) vector only showed no 
mortality. 
In this study, Vip3Aa61 protein has been tested against one of the most 
destructive lepidopteran pests that is also gaining resistance to Cry proteins. The 
results demonstrate the high insecticidal potential of Vip3Aa61, thereby, increasing 
the prospective for its use in synergy with Cry proteins for improved crop protection. 
The study specifies the importance of continuous exploration of novel Vip proteins, 
hence should be considered complementary to the studies dealing with exploration 
and characterization of novel insecticidal toxins. 
IV. Comparative genome analysis of Bacillus thuringiensis JK37 with Bacillus 
thuringiensis HD1 using suppression subtractive hybridization 
i. We used PCR enabled suppressive subtractive hybridization (SSH) to identify 
the differences between two strains of Bacillus thuringiensis, viz. B. 
thuringiensis strain JK37 and B. thuringiensis strain HD1. Both are native 
strains, the former was isolated from agricultural field in this study and the 
latter, the most widely used strain in insect pest control was obtained from 
Bacillus genetic stock committee, Ohio. Strains Bt JK37 and Bt HD1 are 
closely related at least with respect to the presence of both cry1 and vip3 
classes of insecticidal genes and both are pathogenic to Helicoverpa armigera, 
a polyphagous lepidopteran insect pest. However, marked differences in lethal 
concentration 50 (LC50) values were observed between the two strains. 
ii. The genome subtraction yielded a library of 576 clones. Clones were selected 
based on the size of the insert, the insert size of the clones ranged between 
400-2000 bp. Analysis of 369 subtracted sequences by BLASTX search 
showed that 319 sequences had significant similarity with annotated sequences 
in the non-redundant database of NCBI, out of which 31 Contigs had 
similarity with Hypothetical proteins. 
iii. Most of the contigs demonstrated very high similarity with sequences from 
Bacillus cereus, Bacillus mycoides, Bacillus thuringiensis, Bacillus 
pseudomycoides and Bacillus anthracis. 
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iv. Further, over all annotation result indicated that 190 out of 319 contigs had the 
information of their conserved domains available in Kyoto Encylopaedia of 
Genes and Genomes (KEGG) orthologos and Geno Ontology (GO) databases. 
GO level distribution chart for the contigs shows that most sequences have 
between 5 and 15 GO terms annotated. The second level GO annotation 
assigned, 202 contigs to the biological process, 145 to molecular function and 
45 to cellular component categories. The major part of biological process 
category (37%) consisted of metabolic process, followed by (22%) cellular 
process and (20%) single-organism process. The molecular function 
predominantly (63%) consisted of contigs having catalytic activity followed 
by (28%) having binding activity. In the cellular component category the most 
prevailing (42%) consisted of cellular followed by membrane protein and 
macro-molecular component. 
The present study revealed a few but significant differences between the chromosome 
of B. thuringiensis JK37 and that of B. thuringiensis HD1. The differences were 
predominantly observed in genes encoding proteins related to metabolism including 
cell wall biosynthesis in addition to ORFs encoding proteins of unknown function. 
We suggest that the combination of similar and divergent sequences are possibly 
important in enabling the creation of new genotypes in evolutionary terms. Such 
creations are result of frequent genetic recombination (by horizontal gene transfer) 
taking place in microorganisms that sometimes lead to changes in bacterial 
phenotype. More clones need to be sequenced and annotated with the genome of B. 
thuringiensis subsp. kurstaki (available post July 2014), in order to have a more 
realistic understanding of the differences in genomes of the two strains. 
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protein producing Bacillus thuringiensis strains toxic against
Helicoverpa armigera (Lepidoptera: Noctuidae)
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Abstract: Vegetative insecticidal proteins (Vip) represent the second generation of insecticidal proteins produced
by Bacillus thuringiensis (Bt) during the vegetative growth stage of growth. Bt-based biopesticides are recognized as
viable alternatives to chemical insecticides; the latter cause environmental pollution and lead to the emergence of
pest resistance. To perform a systematic study of vip genes encoding toxic proteins, a total of 30 soil samples were
collected from diverse locations of Kashmir valley, India, and characterized by molecular and analytical methods.
Eighty-six colonies showing Bacillus-like morphology were selected. Scanning electron microscopy observations
conﬁrmed the presence of different crystal shapes, and PCR analysis of insecticidal genes revealed a predominance
of the lepidopteran-speciﬁc vip3 (43.18%) gene followed by coleopteran-speciﬁc vip1 (22.72%) and vip2 (15.90%) genes
in the isolates tested. Multi-alignment of the deduced amino acid sequences revealed that vip3 sequences were
highly conserved, whereas vip1 and vip2 showed adequate differences in amino acid sequences compared with
already reported sequences. Screening for toxicity against Helicoverpa armigera larvae was performed using par-
tially puriﬁed soluble fractions containing Vip3A protein. The mortality levels observed ranged between 70% and
96.6% in the isolates. The LC50 values of 2 of the native isolates, JK37 and JK88, against H. armigera were found to
be on par with that of Bt subsp. kurstaki HD1, suggesting that these isolates could be developed as effective
biopesticides against H. armigera.
Key words: Bacillus thuringiensis, scanning electron microscopy (SEM), Vip proteins, toxicity assay, Helicoverpa armigera.
Résumé : Les protéines insecticides végétatives (Vip) représentent la seconde génération de protéines insecticides
produites par Bacillus thuringiensis (Bt) au cours de son stade de croissance végétatif. On considère les biopesticides
dérivés de Bt comme des solutions de rechange viables aux pesticides chimiques, lesquels entraînent une pollu-
tion environnementale et favorisent l’émergence de la résistance aux pesticides. En vue de réaliser une étude
exhaustive des gènes vip codant des protéines toxiques, on a prélevé un ensemble de 30 échantillons de sol
provenant de divers emplacements de la vallée du Cachemire en Inde, et on les a caractérisés au moyen de
méthodes moléculaires et analytiques. Quatre-vingt-six colonies présentant une morphologie de type Bacillus ont
été sélectionnées. Les observations par microscopie électronique a` balayage ont conﬁrmé la présence de formes
cristallines variées, et l’analyse des gènes insecticides par PCR a révélé une prédominance du gène vip3 spéciﬁque
aux lépidoptères (43,18 %), suivis par les vip1 (22,72 %) et les vip2 (15,90 %) de coléoptères, dans les isolats analysés.
Un alignement multiple des séquences déduites d’acides aminés a révélé que les séquences de vip3 étaient forte-
ment conservées tandis que celles de vip1 et vip2 présentaient des différences notables par rapport aux séquences
déja` rapportées. On a procédé a` des épreuves de toxicité envers les larves de Helicoverpa armigera au moyen de
fractions solubles partiellement puriﬁées contenant la protéine Vip3A. Les taux demortalité oscillaient entre 70 %
et 96,6 % selon l’isolat. On a constaté que les valeurs de CL50 de 2 des isolats indigènes, soit JK37 et JK88, a` l’endroit
de H. armigera équivalaient a` celles de Bt kurstaki HD1, ce qui porte a` croire que ces isolats pourraient être élaborés
a` titre de biopesticides efﬁcaces contre H. armigera. [Traduit par la Rédaction]
Mots-clés : Bacillus thuringiensis, microscopie électronique a` balayage (MEB), protéines Vip, épreuve de toxicité,
Helicoverpa armigera.
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Introduction
Microbial insecticides are effective alternatives to
chemical insecticides for the control of various insect
pests. Their greatest strengths are as follows: safety to
humans and other nontarget groups, speciﬁcity against
target insects, and no hazardous residues left after treat-
ment. One of the most successful microbial alternatives
to chemical insecticides is the entomopathogenic bacte-
rium Bacillus thuringiensis (Bt). Bt is known for its ability to
produce protein crystals with insecticidal properties.
These toxins are widely used for the control of various
agricultural pests because of their high speciﬁcity and
environment-friendly nature. In addition to producing
the crystalline proteins Cry and Cyt, which are produced
during sporulation, Bt also produces a relatively novel
class of insecticidal proteins called vegetative insecti-
cidal proteins (Vips) during vegetative stage of growth
(Warren et al. 1996). Four classes of these proteins have
been reported so far: Vip1, Vip2, Vip3, and Vip4. Vip1 and
Vip2 are binary toxins effective against coleopteran
pests, whereas Vip3 toxins are effective against lepidop-
teran pests (Estruch et al. 1996). Presently, there are
107 Vip coding gene sequences known, of which 12 se-
quences are vip1, 17 are vip2, 77 are vip3, and 1 is vip4
(Crickmore et al. 2014). These toxins are classiﬁed on the
basis of degree of amino acid homology (http://www.lifesci.
sussex.ac.uk/home/Neil_Crickmore/Bt/vip.html/). Vip pro-
teins represent the second generation of insecticidal trans-
genes and offer a broad spectrum of activity against insect
pests. The difference in amino acid homology andmode of
action of Vip toxins from that of crystalline protein toxins
makes themgood candidates to overcome insect resistance
development (Bravo et al. 2011).
Cry proteins have been extensively used for the con-
trol of various agriculturally important pests, including
the infamous cotton bollwormHelicoverpa armigera. How-
ever, there are several reports of ﬁeld evolved resistance
in H. armigera to Cry toxins throughout the world (Van
Rensburg 2007; Dhurua and Gujar 2011), which raises
concerns about the adequacy of the current resistance
management strategies (Gassmann et al. 2014). To im-
prove the prospects for insect pest control, more Vip
toxin proteins must be explored from Bt strains isolated
from relatively unexplored environments, since such en-
vironments may contain novel isolate(s) having toxicity
against a particular class of insect pests. There are vari-
ous reports on the isolation of novel Bt strains from the
various environments (Vilas-Bôas and Franco Lemos
2004; Lone et al. 2014). Most of these studies have fo-
cussed on the diversity of crystalline coding genes (cry
followed by cyt) by using PCR-based approach. On the
contrary, there have been few reports on the diversity of
vip genes in Bt from different regions of the world (Beard
et al. 2008; Yu et al. 2011). Diversity and distribution of vip
genes of Bt in some geographical regions of India has
been investigated earlier (Sattar andMaiti 2011; Shingote
et al. 2013). However there has been no report on such
studies in Kashmir Valley. The unique geomorphology of
the valley provides an opportunity to isolate novel Bt
strains carrying novel Vip coding genes. Therefore, a de-
tailed study is needed to assess the genetic diversity
among Bt strains of the valley and to study the distribu-
tion patterns of vip genes in these isolates. The present
study was carried out with the aims of studying the di-
versity and distribution of Bt with respect to the vip gene
content they possess and of enriching the available re-
sources with novel insecticidal Vip proteins and more
efﬁcient insecticidal strains for the control of lepidop-
teran pests. The Bt strainswere isolated from 10 locations
in Kashmir Valley and were characterized by scanning
electronmicroscopy (SEM) observation of crystalline pro-
teins, sequence analysis of 16S ribosomal RNA gene, PCR-
based screening for the presence of Vip coding genes
(vips), and toxicity screening against a polyphagous lepi-
dopteran pest H. armigera.
Materials and methods
Sample collection
A total of 30 soil samples were collected from 10 dif-
ferent regions of Kashmir Valley; regions unaffected by
anthropogenic activities were selected (Table 1). There
was no previous history of use of Bt or its products in the
soil sampling areas. The soil samples were collected at a
depth of 10 cm from the surface and transported to the
laboratory so that the elapsed time between sample col-
lection and initial processing did not exceed 24 h for the
isolation of Bt.
Bt strains
The sodium acetate enrichment method (Travers et al.
1987) was used for isolation of Bt from the collected soil
samples. For each plated sample, well-isolated colonies
representing Bacillus-like morphology were picked up
and puriﬁed on T3 agar plates containing penicillin at a
concentration of 10 g·mL−1. Bt index was calculated as
suggested by Baig et al. (2010). The standard Bt strain (Bt
subsp. kurstaki strainHD1) used as reference for the insect
bioassays was kindly provided by Dr. Daniel R. Zeigler
from the Bacillus Genetic Stock Center (Ohio, USA).
Phenotypic identiﬁcation
Bacillus isolates were inoculated in 50 mL of Luria broth
in 250mLErlenmeyer ﬂasks and incubated at 30 °C for 72h
with shaking at 250 r·min–1. The autolysed cells were har-
vested to obtain a spore–crystal mixture by centrifuging at
12 000g at 4 °C for 20 min. The pellets were washed in
0.5 mol·L–1 NaCl thrice, followed by washing thrice in dis-
tilledwater to eliminate extracellular components. Thepel-
lets obtained were ﬁnally resuspended in sterile distilled
water. The presence of parasporal crystals was observed
under phase–contrast microscope. To conﬁrm the crystal
shape, SEMwas performed as, another set of autolysed cell
pellets were washed with phosphate-buffered saline (PBS)
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thrice, followed by ﬁxing the pellet in 2.5% glutaraldehyde
overnight at 4 °C. Glutaraldehydewas removed bywashing
the pellet thrice with PBS, followed by washing through
ethanol gradients (10% through 30%, 70%, and absolute).
The pellets were suspended in 20 L of sterile distilled wa-
ter and were mounted on a brass stub, air-dried, sputter-
coated with gold, and then examined under SEM
(JSM6610lv Jeol, Japan).
16S rRNA gene sequencing and phylogenetic tree
construction
PCR ampliﬁcation of the 16S rRNA gene from the se-
lected Bacillus isolates was performed using the universal
primers: forward (27f) 5=-AGAGTTTGATCCTGGCTCAG-3=,
reverse (5210r) 5=-AAGGAGCTGATCCAGCCGCA-3=. The
puriﬁed amplicons of the 16S rDNA genewere sequenced
using primers 27f and 5210r with ﬂuorescent termina-
tors (Big Dye, Applied Biosystems). The homology of the
sequences obtained were determined by NCBI BLAST
(Altschul et al. 1990). Sequences were aligned, veriﬁed,
and edited using Bioedit 7.2.0 (Hall 1999) the phylo-
genetic tree based on 16S rRNA sequences was con-
structed using MEGA version 6.0 (Tamura et al. 2013) by
the neighbor-joining (Nei and Kumar 2000) method.
Gaps were considered missing data points, genetic dis-
tances were estimated using nucleotide/Jukes–Cantor
(for rRNA) (Jukes and Cantor 1969), and the statistical
signiﬁcance of the branching order of the tree was estab-
lished by bootstrap analysis using 1000 permutations of
the data set.
Identiﬁcation of vip genes
For detection of vip gene combinations, all the native
Bt isolates were subjected to PCR analysis using 3 pairs of
vip gene speciﬁc primers listed in Table 2. Two of the
primers (Vip1smp and Vip2smp) are degenerate andwere
designed in this study, while as the third primer (Vip3A)
was taken from a published study (Selvapandiyan et al.
2001). The Vip1 primers were designed from the con-
served regions of vip1Aa2, vip1Ac, vip1Ba1, vip1Bb1, and
vip1Da1 (accession Nos. AAR81088, AAO86514, AAR40886,
AAR40282, AAT21728, respectively); Vip2 primers from
the conserved regions of vip2Aa2, vip2Ac1, vip2Ad1, vip2Af1,
and vip2Ba1 (accession Nos. AAR81096, AAO86513, AAT21729,
ACH42759, AAR40887, respectively); and Vip3 primers
from vip3Aa and vip3Ab sequences (Selvapandiyan et al.
2001). PCR reactionswere performed using 100 ng of total
Bt DNA with 0.6 mmol·L–1 dNTP mix, 0.5 mol·L–1 (each)
primer, 3 mmol·L–1 MgCl2, 1.5 U of Taq DNA polymerase
(Fermentas, USA) in a ﬁnal volume of 25 L. Ampliﬁca-
tion was performed at following conditions: initial dena-
turation at 94 °C for 5 min followed by 25 cycles of
ampliﬁcation at 94 °C for 1 min, annealing at 54–55 °C
(Table 2) for 1 min, and extension at 72 °C for 1 min. An
extra step of extension at 72 °C for 10 min was added
after completion of 25 cycles. PCR products were se-
quenced (Big Dye, Applied Biosystems) using the same
primers that were used to generate PCR products.
Protein puriﬁcation
Vegetative insecticidal proteins from native and refer-
ence Bt strains were puriﬁed from culture supernatants
by the method described by Estruch et al. (1996). The
cultures were grown for 16 h at 30 °C in Terriﬁc broth
(12% tryptone, 2.4% yeast extract, 0.04% glycerol, 0.17 mol·L–1
KH2PO4, 0.72 mol·L–1 K2HPO4) and centrifuged at 5000g
for 20min. The supernatant containing proteins was pre-
cipitated with ammonium sulfate (70% (w/v) saturation),
and proteins were collected by centrifugation at 5000g
for 15 min. The pellets thus obtained were resuspended
in the original volume of 20 mmol·L–1 Tris–HCl (pH 7.5)
and dialyzed overnight at 4 °C, followed by titration to
pH 4.5 using 20 mmol·L–1 sodium citrate (pH 2.5). After
30 min of incubation at room temperature, the samples
were centrifuged at 3000g for 10 min. The protein pellets
Table 1. Features of sampling sites, success of Bacillus thuringiensis (Bt) isolation, and the distribution of vip gene sequences.
% vip genes present (no.)
Geographical region
(Kashmir Valley); coordinates Soil type
Total
no. of
colonies
No. of
Bacillus-like
isolatesa
No. of
Bt isolates
Bt
indexb vip1 vip2 vip3
Brarinar; 34°6=N, 74°20=E Forest 186 18 12 0.66 8.33 (1) 33.33 (4) 25.00 (3)
Pangkong; 33°45=N, 78°40=E Lake sediment 18 8 6 0.75 16.66 (1) 0 (0) 33.33 (2)
Kalgi; 34°5=N, 74°1=E Maize ﬁeld 154 11 6 0.54 0 (0) 16.66 (1) 50.00 (3)
Kokernag; 33°35=N, 75°17=E Forest 180 8 3 0.37 0 (0) 0 (0) 33.33 (1)
Mairan; 34°7=N, 74°21=E Maize ﬁeld 40 7 1 0.14 0 (0) 0 (0) 100.0 (1)
Gulmarg; 34°3=N, 74°23=E Forest 25 7 7 1.00 85.71 (6) 14.28 (1) 57.14 (4)
Venkara; 34°14=N, 74°20=E Forest 102 6 5 0.83 40.00 (2) 0 (0) 40.00 (2)
Saripara; 34°16=N, 74°23=E Maize ﬁeld 205 4 2 0.50 0 (0) 50.00 (1) 50.00 (1)
Rajpora; 34°9=N, 74°23=E Forest 20 6 0 0.00 0 (0) 0 (0) 0 (0)
Udusa; 34°5=N, 73°54=E Maize ﬁeld 210 11 2 0.18 0 (0) 0 (0) 100.0 (2)
Total or mean 1140 86 44 0.51 22.72 15.90 43.18
aOff-white, opaque, slightly raised, and regular outlined.
bThe Bt isolation index was calculated by dividing the number of Bt isolates by the total number of Bacillus like colonies obtained.
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were washed once with 1 mmol·L–1 NaCl containing
5mmol·L–1 EDTA, followed by resuspension in 0.02mmol·L–1
Tris, pH 8, and ﬁltration through a 0.2mpore size ﬁlter.
Helicoverpa culture
Helicoverpa armigera larvae were collected from March
2013 toMay 2013 from infested chick pea plants grown at
the experimental farms of the Faculty of Agricultural
Sciences, Aligarh Muslim University, Aligarh, India. The
insects were maintained in our laboratory for 10 genera-
tions without exposure to insecticides before proceeding
with bioassay and toxicity experiments. Helicoverpa lar-
vaewere initiallymaintained on a natural diet consisting
of chick pea leaves up to second generation, and the
subsequent generations were reared by the method of
Teakle and Jensen (1985) at 25 °C, 50% ± 10% relative
humidity, with a 14 h (light) : 10 h (dark) photoperiod
using artiﬁcial diet. During oviposition, H. armigera
adults were provided with 5% (w/v) honey solution.
“Quick screen” and toxicity assay against Helicoverpa
To ascertain the ability of native Bt isolates to demon-
strate appreciable activity against second-instar larvae
(6 h after moulting) of H. armigera, “quick screen” bioas-
says were performed (Rampersad and Ammons 2005).
The “surface contamination” method involving higher
doses (1 mg of total protein·mL−1 of culture supernatant)
of the actively growing cultures (18 h) smeared onto
young chick pea leaves in triplicate was employed. The
treated larvae were left for 10 h, then presented with a
fresh piece (uninoculated) leaf and left for a further 12 h.
Scoring was done as follows: 3, not eaten; 2, partially
eaten; 1, completely eaten. The mean of 3 replicates was
taken as the toxicity value, which were arbitrarily classi-
ﬁed as follows: 1.0, nontoxic; >1.0 but <2.0, uncertain
toxicity; ≥2.0, toxic. All the putative Bt isolates in the
collectionwere tested. Bt subsp. kurstakiHD-1 was used as
positive control, and solubilisation buffer as negative
control. The conditions for bioassay were as follows:
25 °C, 50% ± 10% relative humidity, and a 14 h (light) :
10 h (dark) photoperiod. Strains showing a score of ≥2.0
were subjected to further bioassays to determine their
toxicity potential using 4 different concentrations (50,
100, 200, and 400 ng) of Vip protein per square centime-
tre of the leaf surface. Ten larvae per treatment were
used and the experiment was set in triplicate, making
the total number of larvae used per concentration 30.
Mortality was recorded at 3 days after treatment, and the
data were analysed using Probit Analysis (Finney 1971) to
determine the LC50 (lethal concentration required to kill
50% of larvae tested). The amount of protein used in bio-
assays was determined according to Bradford (1976), and
the partially puriﬁed and concentrated protein samples
of toxic isolates were analysed by 10% SDS–PAGE gels.
Nucleotide accession numbers
Accession numbers of the partial 16S rDNA nucleotide
sequences (KJ125306−KJ125391) and partial gene sequences
of vip1 (KJ396903–KJ396910), vip2 (KJ396911−KJ396917), and
vip3 (KJ396918−KJ396932) obtained in this study are avail-
able in NCBI GenBank database (http://www.ncbi.nlm.
nih.gov/genbank/submit.html).
Results
Isolation and identiﬁcation of Bt from soil
Out of the 86 Bacillus-like isolates, 44 were identiﬁed as
Bt on the basis of the presence of parasporal crystals and
sequencing of the 16S rRNA gene (Table S11). Different
shapes of crystals (bipyramidal, spherical, irregular) were
observed under phase contrast microscopy and conﬁrmed
by SEM analysis of the crystalline inclusions (Fig. 1). The
mean Bt index observed in this study was 0.51 (Table 1).
Analysis of 16S rDNA sequences
To determine the phylogenetic relationship among
the Bacillus isolates a 1500 bp amplicon corresponding to
16S rRNA was successfully ampliﬁed and sequenced in
all the 86 presumptive Bacillus isolates. The partial se-
quences were aligned with the 16S rDNA sequences of Bt
available from GenBank (CP004069, CP003763, CP000485,
AB617500, JQ669397, CP001907, EU429670) and com-
pared using Bioedit (version 7.2.0). It was observed that
the obtained sequences showed 95%–100% identity with
the reported sequences on BLAST analysis. The partial
16S rDNA sequences were submitted to GenBank and
accession numbers were obtained as mentioned earlier.
1Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjm-
2015-0328.
Table 2. Characteristics of partial gene primers used for identiﬁcation of vip gene sequences in native Bacillus thuringiensis isolates.
Primer pair Sequence (5= to 3=)a
Respective
gene Tm (°C)
Amplicon
size (bp) Source
Vip1smpF ATGAAGAAGRRSCTGRBSAG vip1 55 504 This study
Vip1smpR CTCCTTGAAGRTSTTGYTGTCSMTG
Vip2smpF CAAGGAGGACAAGGAGAAGGCC vip2 55 475 This study
Vip2smpR GSAYSAYGCCGGCCTTGGTGG
Vip3AF AGTTTACAAGAAATAAGTGTTA vip3A 54 700 Selvapandiyan et al. 2001
Vip3AR CCTACCATTACATCGTGGAAT
aM = A + C; R = A + G; Y = C + T; B = C or G or T; S = C or G.
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Of the 86 isolates tested, 80 showed maximum identity
with Bacillus sp., only 6 isolates were identiﬁed as non-
Bacillus, namely, JK51, JK69, JK77, JK83, JK86, and JK95,
which showed maximum identity with Enterobacter
asburiae, Brevibacterium frigoritolerans, Staphylococcus xylosus,
Novosphingobium resinovorum, Brevibacterium frigoritolerans,
and Staphylococcus epidermidis, respectively (accession
Nos. KJ125355, KJ125365, KJ125373, KJ125378, KJ125381,
KJ125390, respectively). Among the Bacillus isolates, Bt
was the most abundant (44), followed by B. megaterium (14),
B. aryabhattai (13), B. simplex (2), B. subtilis (2), Lysinibacillus
sphaericus (2), B. ﬂexus (1), B. methylotrophicus (1), and
B. pumilus (1). A tree representing the phylogenetic rela-
tionship among the 16S rDNA gene was constructed us-
ing the neighbor-joining method (Fig. 2) by MEGA
(version 6.0). Nucleotide sequences other than those re-
sembling Bt served as the remote control for phylo-
genetic analysis.
vip gene content of Bt in Kashmir Valley
Forty-fourBtstrainsfromKashmirValleywerescreenedfor
the presence of vip1, vip2, and vip3 genes by using primer
pairs Vip1smpF–Vip1smpR, Vip2smpF–Vip2smpR, and
Vip3AF–Vip3AR, respectively (Table 2). Expected PCR am-
plicon sizes of 504 bp for vip1, 475 bp for vip2, and 700 bp
for vip3A type genes were observed (Fig. 3). vip1 speciﬁc
primers also ampliﬁed a nonspeciﬁc fragment of
<200 bp, which was not included in the study. The de-
sired ampliﬁed products were puriﬁed and sequenced;
the sequences on BLAST analysis showed identity to the
corresponding reported sequences. The distribution of
vip-type genes from different locations of Kashmir Valley
was studied; vip3 genes were found to be the most abun-
dant (43.18%), followed by vip1 (22.72%) and vip2 (15.90%)
genes. vip3 gene speciﬁc sequences were abundant at
Mairan (100%), Udusa (100%), and Gulmarg (57.14%). For-
est soils of Kokernag and maize ﬁelds of Mairan and
Udusa did not show the presence of either vip1 or vip2
sequences. All 10 sites, except Rajpora, showed the pres-
ence of vip3 gene sequences. vip1 sequences were not
found in Bt isolates from any of themaize ﬁelds, whereas
the abundance of vip2 gene sequences was (16.66%) and
(50.0%) in maize ﬁelds of Kalgi and Saripara, respectively
(Table 1). However, the presence of vip3 sequences in the
maize ﬁelds was the highest (50%–100%). Isolates from
3 different soil types showed heterogeneous distribution
of vip genes. Isolates from forest soils harboured themax-
imum number of vip genes, whereas those from lake
sediment contained the minimum number of vip genes
and proﬁles. The vip3A gene was present in isolates from
all 3 regions. However, the percentage of vip3A varied
among the 3 zones. The vip1 and vip2 genes were absent
in isolates from maize ﬁelds and lake sediments, respec-
tively (Fig. 4). Though vip1 and vip2 are binary toxins,
some Bt strains harboured either vip1-type genes or vip2-
type genes. The vip gene sequences obtained from Kash-
mir Valley in general were too conserved (showing more
than 45% similarity to the existing vip sequences) to be
assigned a new class; however, the vip1 and vip2 se-
quences showed adequate differences (showing similar-
ity of 64%) in amino acid sequence from the already
reported sequences, as analysed by protein BLAST and
multiple sequence alignment (Fig. 5), compared with the
vip3 gene sequences, which were found to be highly con-
served (showing a similarity of 99% to the reported vip3
sequences).
Protein puriﬁcation
The PCR analysis (vip3 gene sequence) and protein elec-
trophoretogram (88 kDa protein) of the supernatant pro-
Fig. 1. Scanning electron microscopy of spore-crystals of Bacillus thuringiensis isolates JK37 (a), JK26 (b), JK42 (c), JK88 (d) showing
different crystal shapes: bc, bipyramidal crystal; hc, hexagonal crystal; sc, spherical crystal; ic, irregular crystal; sp, spore.
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Fig. 2. A phylogenetic tree based on the 16S rDNA gene sequences of isolates belonging to the genus Bacillus, Brevibacterium,
Enterobacter, Lysinibacillus, Novosphingobium, and Staphylococcus obtained in this study was generated. Neighbor-joining method
using MEGA version 6.0 was used for tree construction. The analysis involved 94 nucleotide sequences. Sequences from this
study are preﬁxed with “JK” followed by strain number and GenBank sequence names are preﬁxed with accession numbers.
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teins strongly supported the presence of Vip3A proteins
in selected isolates to study their insecticidal activity
(Figs. 5 and 6a). Ammonium sulfate precipitation re-
moved most of the contaminating proteins in the
molecular mass range of interest (Fig. 6a). Heat treatment
for inactivation of proteins in the supernatant was car-
ried out at 95 °C for 20min; insecticidal strains showed a
drastic (95%–100%) reduction in mortality on heat treat-
ment (data not shown). The active component was char-
acterized as a highmolecular mass heat-labile component,
thus excluding the possibility of it being a -exotoxin.
Toxicity assay
All the 44 putative Bt isolates and the reference strain
HD1 were subject to toxicity analysis. Leaves were par-
tially eaten in the majority (54.5%) of the cases and given
a score of 1.0–2.0 (moderately toxic), followed by com-
pletely eaten leaves (29.5%), given a score of 1.0 (non-
toxic). Only 7 isolates (15.90%) and a control strain
achieved a score greater than 2 and were considered as
toxic (JK17, JK18, JK20, JK37, JK65, JK66, JK88, and HD1)
(Fig. 6b). Bioassays of the putative toxic strains using cul-
ture supernatants containing different concentrations
Fig. 3. PCR ampliﬁed products of different vip genes from representative Bt isolates. Lane M: 1 kb DNA ladder.
Fig. 4. Distribution of vip genes in Bacillus thuringiensis isolates from various soil types identiﬁed by PCR analysis.
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Fig. 5. Amino acid sequence alignment of the partial Vip proteins Vip1 (a) and Vip2 (b); sequence of the native isolates with
the sequence of a representative of each subclass of Vip1 and Vip2 toxins. Light-coloured (unshaded) areas indicate the
divergent amino acids. The numbers indicates amino acid position. [Colour online.]
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of Vip3A proteins revealed a wide range of toxicity to
H. armigera, with mortality ranging from 70% to 100%.
Mortalities were corrected using Abbott’s (1925) formula.
Among the native isolates, JK37 followed by JK20 showed
the highest mortality (96.60% and 93.33%, respectively),
and JK17 showed the lowest mortality (70.0%). Bt HD1
showed 100% mortality when exposed to a 400 ng·cm−2
concentration of toxin. Though there was high magni-
tude of difference in the LC50 values among the tested
strains, all of them showed lower LC50 values than the
reference strain HD1 (Table 3). Individual LC50 for
Helicoverpa exposed to Vip3A toxins from different na-
tive isolates ranged from 115.968 to 246.605 ng·cm−2,
whereas the HD1 strain showed the lowest LC50 value of
105.759 ng·cm−2 againstHelicoverpa. The statistical results
showed that the insecticidal activity of JK37 and JK88 are
close to that of the standard strain HD1 (Table 3).
Discussion
Compared with Cry proteins that have been character-
ized extensively and used widely in insect management
for last 5 decades (Federici 2005), studies on the diversity
and distribution of Vip proteins is still in infancy. Al-
though the distribution of vip genes of Bt in some geo-
graphical regions of India has been investigated earlier
(Sattar andMaiti 2011; Shingote et al. 2013), no researcher
has systematically analysed the distribution of vip genes
in Kashmir Valley. So, it is of interest to determine the
distribution and diversity of vip genes and identify the
type of vip genes. In this study, Bt strains were character-
ized, and the distribution of Bt strains, the type of vip
Fig. 6. SDS–PAGE analysis and toxicity distribution of native Bacillus thuringiensis isolates. (a) Protein proﬁles (10% SDS–PAGE
gel) of culture supernatants of the putative toxic isolates (lanes 1–8) and partially puriﬁed Vip3A of the corresponding
isolates (lanes 9–16). Lane M indicates protein ladder. The 89 kDa band indicated by arrow represents the Vip3Aa protein.
(b) Distribution of B. thuringiensis collection based on their toxicity potential against Helicoverpa armigera larvae. The values
indicate 1.0, not toxic; >1.0 but <2.0, moderate toxicity; >2.0, toxic.
Table 3. Insecticidal activity of the selected Bacillus
thuringiensis isolates against Helicoverpa armigera (Lepidoptera:
Noctuidae) larvae.
Strain
tested
Slope
(mean ± SE)
LC50
(ng·cm–2)
95% Fiducial
limits (ng·cm–2)
Toxicity
indexa
JK17 18.931±1.277 246.605 186.406–372.659 0.428
JK18 18.659±1.111 190.998 141.641–282.597 0.553
JK20 15.068±1.178 150.984 119.578–193.194 0.700
JK37 16.086±1.542 115.968 88.960–147.736 0.911
JK65 16.968±0.611 206.862 160.625–286.211 0.511
JK66 17.104±3.291 172.579 132.166–234.403 0.612
JK88 17.186±1.263 144.033 108.837–192.479 0.734
HD1 14.641±2.506 105.759 83.519–130.965 1.000
aToxicity index indicates the relative toxicity of native to refer-
ence strain. It is the ratio of LC50 of HD1 to that of the tested strain;
the larger the ratio, the higher the toxicity.
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gene in different soil types, and their toxicity potential
against the lepidopteran pestH. armigerawere examined.
Bt index is the measure of success in Bt isolation. The
mean Bt index in the present study was 0.51; it was 0.33
and 0.6 for soils from maize ﬁelds and forests, respec-
tively. Bravo et al. (1998) reported a Bt index of about 0.24
in cultivated ﬁelds of Mexico, Martin and Travers (1989)
reported a 0.85 Bt index in soils from various locations in
Asia, and Baig et al. (2010) reported a 0.86 relative index
from cattle waste compared with a 0.69 relative index
from wheat grain dust from various habitats in different
areas of Pakistan. In the present study, 61.36% of isolates
were obtained from forest soils, 25% from maize ﬁelds,
and 13.63% from lake sediment. A similar trend for Bt
index was also observed in soils of Sichuan Basin in
China (Yu et al. 2011).
Analysis of 16S rRNA sequences is a frequently used
method for the identiﬁcation and taxonomic localiza-
tion of bacterial genus and species (Punina et al. 2013).
However, early studies performed on isolates from the
B. cereus group revealed that the 16S rRNA sequences of Bt
isolates in this group had as high as a 99%–100% identity.
Our ﬁndings also indicated the same trend, showing an
identity as high as 95%–100%. Since B. cereus and Bt spe-
cies are indistinguishable from each other on the basis
16S rDNA sequence analysis (Punina et al. 2013), se-
quences showing maximum identity with either of the 2
have been considered as Bt for construction of the phy-
logenetic tree in this study. The topology of the con-
structed tree was in accordance with the phylogenetic
structure of the B. cereus group, as established by the
analysis of the 16S rRNA gene, 23S rRNA gene fragments
(Bourque et al. 1995), and the 16S–23S rRNA intergenic
region (Daffonchio et al. 2000). On the basis of the phy-
logenetic analysis, the 16S rRNA sequences of all the na-
tive Bt isolates grouped together with the reference
sequences of Bt (Fig. 2), suggesting phylogenetic homo-
geneity among the Bt strains. The same patterns were
observed by Joung and Cote (2002).
PCR-based analysis is the most widely used molecular
approach for the identiﬁcation of novel cry genes owing
to its rapidity and reproducibility, and its use has also
been extended to screening and identiﬁcation of novel
vip genes (Rang et al. 2005; Sattar and Maiti 2011;
Shingote et al. 2013). That Vip proteins account for about
15% of Bt strains has been reported byWu et al. (2007). In
the present study, we found that the mean rates of vip1
(22.72%) and vip2 (15.90%) were higher than the rates de-
scribed by other researchers (Yu et al. 2011; Shingote et al.
2013), all of whom described proportions of 10% for both
vip1 and vip2. The higher prevalence of vip3 sequences
than vip1 and vip2 sequences in the present study is cor-
roborated by other studies (Beard et al. 2008; Palma et al.
2013). The difference in distribution of vip1, vip2, and vip3
can be ascribed to the difference in environmental con-
ditions of these sites, like altitude, nutritional conditions
of the soil, oxygen concentration, temperature, etc. (Yu
et al. 2011; Shingote et al. 2013). The vip1 and vip2 se-
quences obtained in the study were found to be different
from the reported vip1 and vip2 sequences based on the
deduced amino acid sequence homology. Variation in a
single amino acid has been proven to inﬂuence the level
of toxicity in Vip and Cry proteins (Li et al. 2007; Ozturk
et al. 2008); therefore, the obtained sequences are a great
reservoir to study their efﬁcacy against coleopteran in-
sect pests. The variability in these gene sequences in-
creases the possibility of developing broad spectrum Vip
proteins, as proven earlier in the case of chimeric
Vip3AcAa (Fang et al. 2007). Therefore, the potential for
isolation and characterization of novel vip genes with
improved toxicity and enhanced spectrum does exist in
the isolates under study. The analysis of vip gene se-
quences (Fig. 5) obtained revealed that different sub-
classes of vip1 and vip2 gene sequences were ampliﬁed
using the degenerate primers designed in the study,
thereby proving the robustness of the primers to amplify
and differentiate among different subclasses of each
family.
Vip3A is a group of proteins of 89 kDa known to be
secreted by certain Bt strains during vegetative growth.
It differs from Cry proteins in both amino acid sequence
and mode of action and has been proven to be toxic to a
wide spectrum of lepidopteran pests (Estruch et al. 1996;
Selvapandiyan et al. 2001). We did not restrict toxicity
studies against Helicoverpa to promising strains inferred
by PCR analysis only, but to the entire collection of Bt
strains (44 isolates), second-instar larval stage was used
for bioassay, as older larvae tend to be more tolerant to
Bt-based biopesticides (Sanahuja et al. 2011). Only 15.9%
of the Bt isolates displayed appreciable toxicity against
Helicoverpa on the basis of the “quick screen” bioassay
analysis (Fig. 6b). These isolates were subjected to de-
tailed toxicity analysis using different concentrations of
the toxin.
To rule out the possibility of toxicity being the combi-
national effect of Vip3A with other proteins, heat treat-
ment for inactivation of proteins in the supernatant was
performed, which caused the reduction in mortality of
the insecticidal strains as a result of Vip3A inactivation,
thereby proving that the main active component of the
supernatant is the thermolabile Vip3A and not the ther-
mostable compounds -exotoxin and zwittermicin A,
supporting the previous ﬁndings of Estruch et al. (1996).
Despite the high level of vip3A conservation observed
on PCR analysis, isolates harbouring the gene demon-
strated a high level of heterogeneity with respect to
their toxicity (LC50) against Helicoverpa larvae. The LC50
values of the native isolates ranged from 115.968 to
246.605 ng·cm−2, whereas HD1 showed the lowest LC50,
105.759 ng·cm−2. Earlier studies have also reported
marked differences among the absolute values of LC50
for the Vip3A proteins against H. armigera: 325 ng·cm−2
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by Doss et al. (2002), 155 ng·cm−2 by Liao et al. (2002), and
251.98 ng·cm−2 by Shingote et al. (2013). The differences
observed in LC50 may be due to one or more of the fol-
lowing factors: method of bioassay employed, insect diet
composition, degree of processing of toxins, the quanti-
ﬁcationmethod used, and the temperature at which bio-
assays were carried out.
To the authors’ knowledge, this is the ﬁrst systematic
report on the diversity and distribution of vip gene se-
quences and the toxicity analysis against Helicoverpa in
the locally isolated Bt strains of the valley. The study
enriched our understanding of the diversity of available
vip genes, which thereby could broaden the spectrum of
activity of Vip class of proteins and facilitate their appli-
cation for pest management (Estruch et al. 1997). We
have developed a large and diverse Bt strain collection
with huge potential to control Helicoverpa; however, fur-
ther research is needed to check their toxicity potential
against other lepidopteran pests of agricultural impor-
tance. The 29.54% of isolates that did not show ampliﬁ-
cation with any of the primers tested are of particular
interest. Two Bt strains JK37 and JK88 isolated in this
study showed high toxicity towards H. armigera; more-
over, both isolates showed the presence of parasporal
crystals on SEM analysis (Fig. 1), indicating the presence
of crystalline protein coding genes as well. These isolates
have the potential to be developed as novel microbial
biopesticides. Bioassay of the selected isolates against
other lepidopteran pests and resistant insect pests and
characterization of the observed potentially novel vip1
and vip2 genes will be continued.
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